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FOREWORD 


This  is  Volume  I,  Technical  Discussion,  of  a two  volume  Final  Report 
which  was  prepared  by  the  Los  Angeles  Division  of  Rockwell  I n te rna t iona I , 4 

Los  Angeles,  California,  under  United  States  Air  Force  Contract  F3 3 6 1 5~76~C - 
3021,  Air  Force  Project  No.  2402,  Task  No.  240201,  "New  Concepts  in  Compos  1 te~ 

Material  Landing  Gear  for  Military  Aircraft"^  The  program  is  being  adminis- 
tered by  the  Air  Force  Flight  Dynamics  Laboratory,  Wr igh t -Pa t terson  Air  Force  1 

Base,  Ohio,  under  the  direction  of  Mr.  J.  Hampton  (AFFDL/FEM). 

I 

This  volume  is  the  Final  Report  and  contains  the  Technical  Discussions 
covering  work  performed  from  April  1976  through  February  lb?9.  Volume  I I of  i 

the  report  contains  the  Append! ces . Rockwell  I n te rna t i ona I personnel  directly 
participating  on  the  program  were: 
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F. 

W.  Atkins 
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SECTION  I 


INTRODUCT  ION 


A number  of  advanced  material  systems  are  currently  being  studied  under 
both  private  industry  and  Air  Force  programs.  These  systems  are  in  various 
stages  of  development,  but  all  have  superior  qualities  which  may  prove  advan- 
tageous for  use  in  landing  gear  components.  The  objective  of  this  program  was 
to  explore  the  extent  to  which  these  advanced  materials  could  be  used  in  a 
complete  landing  gear  system,  and  the  cost  and  weight  benefits  that  could 
result  from  this  usage. 

This  program  is  phase  oriented  with  this  final  report  covering  both 
Phase  I and  Phase  I I.  Phase  I work  was  performed  between  April  and  August 
1976.  Phase  II  work  was  performed  between  April  1977  and  February  1978.  A 
Phase  I and  Phase  II  task  flow  diagram  is  shown  in  figure  1. 

The  program  was  contractually  reoriented  after  Phase  I had  been  completed. 
Phase  I studied  only  composite  materials,  but  under  three  different  levels  of 
constraint,  while  after  redirection.  Phase  II  studied  three  different  material 
systems,  but  used  only  the  "function"  constraint. 

Phase  I of  the  program  was  orientated  to  composites  since  the  Air  Force 
through  AFFDL,  has  sponsored  a number  of  successful  composite  landing  gear 
hardware  programs.  These  have  established  the  feasibility  of  using  composite 
material  for  certain  landing  gear  components,  but  all  hardware  cesigned  was 
constrained  by  "form,  fit  and  function."  Phase  I of  this  program  has  three 
seoarate  sections  so  that  hardware  was  designed  under  three  distinct  levels 
of  constraint.  The  first  is  "Substitution,"  with  "form,  fit  and  function" 
constraints.  The  second  section  is  "modification"  with  both  "fit  and 
function"  constraints.  The  third  section  is  "redesign"  with  only  the 
"function"  constraint. 

The  approach  used  for  the  Phase  I section  followed  the  task  outline  shown 
in  figure  1 and  resulted  in  the  choice  of  the  8-1  nose  landing  gear  as  the 
baseline.  Conceptual  designs  for  composite  landing  gear  hardware  were 
developed  for  each  section  and  level  of  constraint  as  described  above.  Methodo- 
logy to  be  used  in  preliminary  design  and  analysis  was  defined  and  documented. 
The  design  concepts  created  in  Phase  I were  evaluated  and  this  showed  that 
reduction  in  constraints  allowed  more  parts  to  be  made  from  composites. 


PHASE  I - CONCEPTUAL  DESIGN  I PHASE  II  - PRELIMINARY  DESIGN 
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Phase  II  followed  the  task  outline  shown  in  figure  1.  The  results  from 
Phase  I indicated  that  since  fewer  constraints  were  important  to  the  program 
purpose  of  maximum  usage  of  advanced  material  systems  in  a landing  gear, 

Phase  II  should  use  a new  baseline  with  only  the  " f unc  t i on11  cons  t ra  i n t . The 
scope  of  Phase  II  was  widened  to  include  a metal  matrix  composite  system  and 
an  advanced  metal  lies  system  as  well  as  the  organic  advanced  composite  system. 

The  new  baseline  requirement  for  Phase  II  was  to  use  the  main  landing 
gear  proposed  for  the  A i r-To-Surf ace  (ATS)  advanced  fighter  program,  see  figure 
2.  The  ATS  main  landing  gear  has  been  the  subject  of  a preliminary  design 
study  under  a separate  Rockwell  ATS  study  program,  see  figure  3.  This  base- 
line has  been  defined  and  the  design  parameters  and  constraints  presented. 

Conceptual  designs  for  landing  gear  hardware  were  developed  using  all 
three  material  systems  and  evaluated.  The  two  best  material  systems  were  then 
selected  and  preliminary  designs  made.  Analysis  and  evaluation  of  these 
designs  were  made  to  gather  data  for  weight,  cost  and  life  cycle  cost  studies. 


SECTION  II 


SUMMARY 


This  report  describes  the  effort  conducted  on  both  Phase  I and  Phase  II 
of  Air  Force  Contract  No.  F 3 3 6 1 5~76  — C — 302  I , "New  Concepts  in  Composite  Material 
Landing  Gear  for  Military  Aircraft." 

2. 1  PHASE  I 


The  Phase  I section  was  structured  to  determine  the  maximum  oractica! 
use  of  composite  material  for  landing  gear  hardware  under  ^hree  specific  sets 
of  constraints.  The  effort  was  conducted  in  accordance  w i t h the  Task  Flow 
Diagram  of  figure  I.  The  entire  Phase  I report  is  presented  in  Appendix  A. 

2.1.1  Basel  ine 


The  B- 1 Nose  Landing  Gear  was  selected  for  the  Phase  I baseline  system 
and  the  rationale  for  the  selection  was  made  on  the  oasis  that  it  meets  tne 
following  contract  requirements;  it  is  a current  Air  Force  airplane,  (over 
175,000  lbs.  gross  weight)  and  is  completely  described  in  terms  of  design 
requirements,  constraints  and  engineering  drawing.  The  baseline  gear  is 
described  fully  in  Appendix  A. 

2.1.2  Des  i gn  Concepts 

The  Design  Concepts  section  of  Phase  I of  this  program  resulted  in  the 
selection  of  intermediate  strength  graphite/epoxy  as  the  baseline  composite 
material  for  use  in  the  design  studies.  The  three  design  sections  included-. 

1.  Substitution,  constrained  by  form,  fit  and  function; 

2.  Modified,  constrained  by  fit  and  function;  and 

3.  Redesigned,  constrained  by  function  only. 

These  designs  were  qualitatively  evaluated  for  materials,  structures, 
design  integrity,  fabrication,  weights  and  cost  and  a summary  of  these 
evaluations  is  presented  in  Section  VI,  page  92  of  the  phase  1 Report, 
Appendix  A.  A summary  of  conclusions  reached  appears  in  the  following. 

2.  1.2.  I Concept  1 ~ Substitution  (form,  fit  and  function)  - Baseline  infor- 
mation and  drawings  of  B- 1 nose  gear  metallic  hardware  was  studied  and  con- 
ceptual design  drawings  were  made  for  composite  and  compos i te/meta 1 parts 
which  have  identical  key  dimensions,  and  can  be  substituted  on  a part-for- 
part  basis  for  the  baseline  metallic  ha rqwa re . Some  of  these  concepts  were 
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designed  to  have  composite  material  spliced  to  metallic  end  fittings  to  meet 
the  high  load  requirements  within  the  form  constraint.  All  designs  studied  in 
this  section  were  evaluated  as  viable  except  the  torque  links  -,h i.ch  were  con- 
sidered very  high  technical  risk  parts. 

2.1.2. 2 Concept  II  - Modified  (fit  and  function)  - Existing  structural  attach- 
ments were  used,  but  kinematics  of  the  drag  braces  and  down  lock  links  were 
revised  to  allow  increased  usage  of  composites.  It  was  determined  for  this 
concept  that  the  piston  and  the  lower  end  of  the  strut  cylinder  must  remain 
metallic  since  the  larger  diameter  required  for  composite  parts  would  result 

in  having  to  spread  the  nose  wheels  which  would  violate  the  stowage  limit 
(fit)  constraint.  All  composite  designs  studied  in  this  section  were  evaluated 
as  viable. 

2. 1.2.3  Concept  III  - Redesigned  (function)  - Studies  were  made  to  evaluate 
the  use  of  landing  gear  concepts  which  were  allowed  to  differ  from  the  baseline 
system  in  kinematics,  attachment  location  and  storage  volume.  A "leaf 
spring"  concept  was  studied  and  evaluated  as  a /er y high  technical  risk  and 

not  weight  effective.  The  size  of  the  B-l  nose  gear  is  an  important  factor 
against  usage  of  this  concept,  but  the  "leaf  spring"  gear  con f i gu ra t i on  may 
prove  to  be  a vi'able  weight  effective  system  on  a smaller  fighter  airplane. 

A conceptual  design  was  made  of  a "trailing  arm"  nose  gear,  but  it 
requires  a large  change  in  storage  volume  and  did  not  appear  to  Have  any  major 
advantages.  The  study  using  the  same  concept  as  the  baseline  and  only  slightly 
changed  kinematics,  provided  a nose  gear  system  which  allowed  the  maximum  use 
of  composite  material  while  restricting  changes  to  a minor  widening  of  the 
nose  gear  wheel  well.  The  wheels  on  this  study  were  moved  farther  apart  to 
allow  room  for  a composite  piston  and  strut.  All  designs  evaluated  for  this 
study  were  viable  except  for  the  piston  which  was  considered  a very  high 
technical  risk. 

2. 1-3  Results 


The  general  results  of  the  Phase  I effort  show  that  the  most  effective 
gains  in  the  use  of  composite  structure  occur  in  the  "Redesign"  Concept  Ml, 
Section  where  more  design  freedom  is  allowed.  This  is  because  space  limita- 
tions are  removed  which  restrained  the  use  of  composites  in  some  areas  of 
the  landing  gear  structure.  Concept  I and  II  resulted  in  more  compromises 
in  the  design  because  of  increased  restrictions  and  a lesser  use  of  composite 
structure.  However,  the  concepts  developed  will  still  generally  result  in 
cost  effective  hardware,  but  to  a lesser  extent,  based  on  the  limited 
evaluation  performed  in  Phase  I. 
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Many  structural  elements  of  landing  gear  hardware  are  axially  loaded  and 
the  weight  effective  "race  track"  configuration  was  used  similar  to  that  used 
in  previous  composite  landing  gear  programs.  This  configuration,  as  pre- 
viously used,  has  inherent  structural  weaknesses  near  the  end  of  the  member 
where  large  interlaminar  shear  forces  occur  between  the  "race  track"  and  the 
web  reinforcements.  A solution  to  this  problem  is  shown  in  figure  4,  which 
uses  a series  of  "race  tracks"  interleaved  with  shear  webs,  and  should  signi- 
ficantly improve  the  strength  and  fatigue  properties  of  the  "race  track"  con- 
figuration. 


SECTION  A-A 

END  SECTION  WITH  SEGMENTED 
"RACETRACK"  CAPS  6 LAMINATED 
MID  STRUT  SECTION  REINFORCEMENT. 


Figure  4.  S-tructural  Concept  for  Axially  Loaded  Struts 
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2.2  PHASE  I I 


The  Phase  II  section  of  the  program  is  structured  to  determine  the 
advantages  of  advanced  materials  and  concepts  in  the  design  of  a landing  gear 
where  constraints  are  minimized.  Three  advanced  material  systems  were  studied: 
Organic  Advanced  Composites,  Metal  Matrix  Composites  and  Advanced  Metallics. 

The  baseline  used  was  the  main  landing  gear  of  the  ATS  advanced  fighter  air- 
plane. This  airplane  is  in  the  advanced  design  stage  where  "function"  is  the 
only  constraint  needed.  The  effort  was  conducted  in  accordance  with  the  Tasx 
Flow  Diagram  of  figure  1. 

2.2.1  Base  I i ne 


The  use  of  the  ATS  main  landing  gear  as  the  baseline  was  specified  by  con- 
tractual change  for  Phase  II  of  this  program.  The  baseline  information  on  this 
landing  gear  was  obtained  from  a separate  Rockwell  ATS  study  program.  A fleet 
of  500  ATS  aircraft  with  a 10  year  life  span  was  assumed. 

The  ATS  airplane  has  a tricycle  type  landing  gear  configuration  which  con- 
sists of  a nose  gear  and  two  main  landing  gear  assemblies  designed  fora 
53.000  pound  gross  weight  airplane.  The  baseline  ma  i n landing  gear  was  state- 
of-the-art  metallic  materials.  Each  of  the  single  wheel  assemblies  is  mounted 
in  the  engine  nacelle  and  is  fully  retractable  aft  by  a hydraulic  actuator. 

This  landing  gear  will  provide  the  required  ATS  performance  for  landing,  take- 
off and  flotation,  and  has  been  designed  to  comply  with  the  ground  handling 
requirements  of  M I L- A - 8862 . 

The  baseline  landing  gear  assembly  consists  of  a sem i -can t i 1 e ve red  shock 
strut  with  a single  tire  and  'wheel  mounted  in  the  island  of  the  split  engine 
air  intake  duct  in  the  nacelle.  The  landing  gear  is  attached  to  the  nacelle 
structure  by  jornaled  trunnions  at  the  lower  end  of  the  strut  main  body  and 
latched  into  extended  and  retracted  positions  by  a locking  device  at  the  top 
of  the  strut.  See  figure  3- 

The  strut  shock  absorber  is  an  air-oil  type  in  which  the  passage  of 
metered  oil  through  an  orifice  is  used  to  absorb  landing  impact  energy  and  to 
control  the  rate  of  compression.  A snubber  valve  controls  the  rate  of 
extension  of  the  piston. 

The  shock  strut  complies  with  the  requirements  of  MIL-L-8552,  M I L -T -6053 
and  AFSC  DH2-I  and  is  capable  of  withstanding  the  loads  derived  from 
MIL-A-8860,  MIL-A-8862,  MIL-A-8866  and  MlL-A-8867,  including  static  strength 
and  four  lifetime  fatigue  requirements. 

The  air  vehicle  design  sinking  speed  used  was  10  feet  per  second  at  the 
landing  design  weight  and  6 feet  per  second  at  the  maximum  design  landing 
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we:ght.  The  shock  strut  has  been  designed  with  a vertical  stroke  of  12  inches 
and  a designed  4 inch  stroke  from  static  to  compressed  position. 

Dimensional  constraints  for  the  ATS  landing  gear  are  shown  in  figure  5. 
the  ATS  Air  Vehicle  Conf i qu ra t i on  drawing  and  hardware  dimensions  on  fiqure  6, 
the  ATS  Baseline  Main  Landing  Gear  drawing. 

The  baseline  main  landing  gear  loads  were  derived  from  an  ATS  Studv 
which  generated  the  loads  using  a computer  program  * "Structural  Weight 
Estimation  Program"  (SWEEP).  The  baseline  configuration  is  considered 
structurally  adequate  since  no  negative  margins  of  safety  were  detei — lined  by 
a stress  ana  1 ys  i s . 

The  weight  of  the  ATS  main  landing  gear  was  calculated  to  be  582  pounds 
for  each  side  or  a total  of  1164  pounds  per  ship  set. 

Production  cost  estimates  were  made  for  the  ATS  main  landing  gear  com- 
ponent parts,  for  fabrication  costs  an  89  learning  curve  and  a 92  cost 
reduction  curve  were  used.  The  nonrecurring  costs  were  $590,000  (1977 
dollars)  and  the  recurring  costs  were  S40,550,000,  adding  to  S41,l40,u00 
total  production  costs.  The  cumulative  unit  average  cost  at  unit  500  is 
S8  2 , 300  per  ship  set. 

Two  reliability  factors  were  determined  for  the  baseline  ATS  landing 
gear;  the  Maintenance  Demand  Rate  (MOR)  , which  is  24,330  per  10^  flight  hours 
and  the  Condemnation  Rate  which  is  2840  per  10^  flight  hours.  The  MDR 
represents  a Mean  Time  Between  Corrective  Maintenance  Action  (MTBCMA)  of  4) 
f 1 i gh  t hours . 

The  maintenance  and  logistics  support  costs  for  the  fleet  of  500  air- 
craft over  a life  span  of  10  years  will  be  S6, 150,000  SDares  cost  ana 
53,680,000  personnel  cost,  making  total  support  costs  of  S9, 830, 000. 

A safety  hazard  caused  by  stress  corrosion  related  accidents  reported 
by  the  Air  Force  was  estimated  to  result  in  a predicted  cost  of  S 1 8 . 105,000 
over  a 10  year  period  for  the  ATS  airplane. 

Life  Cycle  Costs  (LCC)  include  the  sum  of  development,  production, 
accident  costs  and  support  costs.  Development  costs  will  be  $977,000  for 
engineering,  $378,000  for  production  of  two  ship  sets  and  $150,000  for  tool:ng. 
Total  development  cost  will  be  $1,505,000.  The  Production  cost  will  be 
SM , 1 39,000.  The  accident  cost  will  be  $18,105,000.  The  total  support  cost 
will  be  59,828,000.  The  Life  Cycle  Cost  will  be  $70,577,000  for  a 500  air- 
craft fleet  for  a period  of  10  years.  See  table  I. 
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\jr  loC*. 


TABLE  1 


BASELINE  LIFE  CYCLE  COSTS 
(All  costs  in  1977  dollars) 


Total  Development  Costs 

Total  Production  Costs 

Total  Accident  Cost' 

TctaJ  Support  Costs 

s i ,505.000 

k\  ,139,000 
18,105,000 
s 9,828,000 

Total  Life  Cycle  Costs 

S70, 577 ,000 

2.2.2  Conceptual  Design  Studies 

Design  studies  of  the  main  landing  gear  on  the  ATS  advanced  fignter 
aircraft  were  made  using  only  the  "function"  general  constraint.  However, 
other  trade  study  factor  constraints  include:  extended  wheel  position  for 
landing  performance;  landing  gear  trunnion  location  for  structural  considera- 
tions; wheel  well  location  and  size  for  engine  air  intake  duct  size,  lines 
and  performance;  and  nacelle  size,  shape  and  location  with  respect  to  the 
weaDons  bay  clearance  fall  line,  see  figure  7 • 


SOLID  LINES- BASELINE  NACELLE 
DASH  LINES- MODIFIED  NACELLE 


Figure  7-  ATS  Nacelle  Constraints 
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Conceptual  designs  were  made  using  the  three  material  systems;  Organic 
Advanced  Composites,  Metallic  Matrix  Composites  and  Advanced  Metal  lies.  These 
conceptual  designs  were  then  evaluated  within  each  material  system  to  select 
the  best  configuration. 

2.2.2.  I Organic  Advanced  Composites  System  - Intermediate  strength  graphite/ 
epoxy  (Gr/Ep)  composite  material  was  selected  on  the  basis  that  it  provides 
a good  balance  between  strength  and  cost.  Four  concepts  were  studied  using 
this  material.  They'  included  the  "leaf  spring"  configuration  in  which  the 
landing  impact  energy  is  absorbed  by  beam  deflection,  and  the  conventional  con- 
figuration which  uses  an  air-oil  shock  strut  to  absorb  the  energy. 

Three  concepts  were  studied  using  the  "leaf  spring"  configuration.  They 
were;  a cantilever  leaf  spring  concept,  a dual  beam  leaf  spring  concept,  and 
a center  support  beam  leaf  spring  concept.  All  of  these  concepts  used  flat 
composite  plates  bonded  to  a resilient  material  between  them.  The  composite 
plates  will  deflect  under  load  to  absorb  the  kinetic  energy  of  the  landing  and 
the  hysteresis  property  of  the  resilient  material  between  the  leaves  will 
reduce  the  high  energy  return  (reflex  action)  of  the  leaf  spring. 

The  conventional  landing  gear  concept  uses  a configuration  similar  to 
the  baseline  landing  gear,  see  figure  3-  It  has  a semi  cantilevered  shock 
strut  which  uses  an  air-oil  type  shock  absorption  system.  The  increased  size 
requirements  for  using  Gr/Ep  composite  resulted  in  a strut  9-8  inches  outside 
diameter  compared  to  5-85  inches  for  the  baseline. 

The  conventional  landing  gear  concept  has  been  selected  as  the  best 
organic  composite  configuration  on  the  oasis  that  it  would;  require  less 
nacelle  revisions,  need  a smaller  development  program,  be  a lower  weight  con- 
cept and  cost  less.  See  table  II.  It  will  be  used  in  the  evaluation  against 
the  best  Metallic  Matrix  Composite  concept  and  the  best  Advanced  Metallic  con- 
cept. 


TABLE  I I 


ORGANIC  ADVANCED  COMPOSITES  EVALUATION 


i 

Concept 

Deve lopment 
Program 

Nace  1 le 

Revi s ions 

Weight 

Est i mates 

Cost 

Es t i ma  tes 

Canti lever 

Major 

Very 

Heavy 

Ve  ry 

Extensive  | 

Hi  gh 

Dua 1 Beam 

Major 

Very 

Heavy 

Very 

Extensive 

H i gh 

Center  Support 

Major 

Very 

Heavy 

Very 

| Beam 

Extens i ve 

1 

Hi  gh 

[ Conventional 

Minor 

Moderate 

L i gh tes t 

Moderate i 

i Landing  Gear 

! 

1 

i 

i 

2. 2. 2. 2 Metal  Matrix  Composite  System  - The  metal  matrix  composite  selected 
for  this  study  was  boron/a  1 umi nun  (B/Al)  since  it  is  closer  to  state-of-the- 
art,  and  has  more  material  and  design  data  available  than  other  metal  matrix 
compos  i tes . 

Five  conceptual  designs  have  been  made.  They  include: 

1.  Concept  A which  has  a folding  drag  link  with  a single  wheel. 

2.  Concept  B which  also  uses  a folding  drag  link,  but  has  dual  wheels. 

3-  Concept  C which  has  a vertical  air-oil  shock  strut  mounted  on  two 
retracting  links  with  a forward  nonfolding  drag  strut. 

A.  Concept  D which  is  a trailing  arm  configuration  with  the  shock  strut 
mounted  near  the  center  of  the  beam. 

5.  Concept  E which  is  a conventional  landing  gear  configuration  similar 
to  the  baseline.  See  figure  19  through  23. 
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Concept  E,  the  conventional  landing  gear  configuration,  has  been  selected 
as  the  best  Metal  Matrix  Composite  design  to  be  evaluated  against  the  best 
Organic  Advanced  Composite  design  and  the  pest  Advanced  Metallic  design.  The 
choice  of  Concept  E was  made  because  it  has  fewer  parts,  required  less 
changes  to  the  nacelle  and  would  be  lighter  and  less  costly.  See  table  III. 


TABLE  I I I 

METAL  MATRIX  COMPOSITE  EVALUATION 


Concept 

Nacel  le 
Structure 

Re v i s i ons 

Weight 

Es  t i mates 

1 

Cost 

Est i mates 

« 

Very  Extensive 

Heavy 

Not  a viable  concept 

B 

Extens i ve 

Heavy 

Very  High 

c 

Major 

Heavy 

H i gh 

0 

Ma  jor 

Heaviest 

H i gh 

, 

E 

Mi  nor 

Li ghtest 

Lowes  t 

2.2. 2. 3 Advanced  Metallic  System  - Titanium  using  the  superplastic  formed  and 
diffusion  bonded  (SPF/DB)  fabrication  processes  has  been  selected  as  the 
advanced  metallic  system  to  be  used  in  this  study  because  complex,  structurally 
efficient  parts  can  be  economically  manufactured. 

This  process  is  based  on  the  superplasticity  and  diffusion  bonding  pro- 
perties of  titanium  which  occur  under  identical  conditions  and  allow  the 
superplastic  forming  and  diffusion  bonding  to  take  place  concurrently  within 
the  d i e cav i ty . 

Three  different  landing  gear  configurations  have  been  conceptually 
designed  for  this  study.  See  figures  25.  26,  and  29- 

1.  A "trailing  arm"  configuration  with  the  wheel  mounted  in  a double 
fork  at  the  end  of  the  beam  which  is  supported  by  trunnions  at  the 
forward  end  and  the  shock  absorber  near  the  center  of  the  beam. 

2.  A "four  bar  linkage"  concept  consisting  of  a vertical  beam  which 
supports  the  wheel,  a drag  brace  lower  link  and  an  upper  link, 
which,  with  the  nacelle  structure,  makes  up  the  four  bar  linkage. 

3.  A conventional  landing  gear  similar  to  the  baseline  configuration. 
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The  conventional  landing  gear  concept  has  been  selected  as  the  best 
design  because  it  has  fewer  parts,  will  be  lighter,  will  require  'ess  nacelle 
revisions  and  it  will  cost  less.  See  table  IV  for  a summary  of  the  evaluat- 
ions. This  design  will  be  e/aluated  against  the  best  Organic  Advanced  Com- 
posite design  and  the  best  Metal  Matrix  design. 


TABLE  IV 

ADVANCED  METALLIC  EVALUATION 


Concept 

Nace 1 1 e 
Structure 

Revi s ions 

Weight 

Estimate 

1 

1 

Cos  t 

Est i mate 

Tra i ling  Arm 

Major 

Heav i est 

Hi ghest 

Four  Bar  Li nkage 

Moderate 

Moderate 

Moderate 

Convent i ona 1 

Land  Gear 

M i nor 

Lightest 

' 

Lowes  t 

2. 2.2.4  Design  Studies  Evaluation  - The  best  conceptual  designs  made  for 
each  of  the  three  material  systems  have  been  evaluated.  Since  the  best  con- 
cept o!  each  material  system  was  the  conventional  landing  gear  configurations, 
the  "function"  constraint  was  equally  met.  More  nacelle  revisions  are 
required  for  the  Organic  Advanced  Composite  concept  than  for  the  other 
material  systems. 

Boron/a  1 umi num  meta I matrix  thin  walled  tubes  using  unidirectional  tape, 
which  are  axially  loaded,  have  been  successfully  fabricated  in  production, 
but  the  parts  required  for  the  landing  gear  are  heavy  wal'ed  tubes  which  must 
have  cross  plied  laminate  orientations  to  give  multi-axial  load  carrying 
capability.  Since  no  information  can  be  located,  it  is  evident  that  little 
or  no  fabrication  of  complex,  heavy  walled  metal  matrix  parts  have  been  done. 

The  extensive  development  program  required  and  the  very  high  produci- 
bility  risk  assigned  to  the  Metal  Matrix  Composite  system  led  to  the  recommen- 
dation to  stop  the  design  effort  on  this  system.  See  table  V for  the  evalua- 
tion summary. 
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TABLE  V 


MATERIAL  SYSTEMS  EVALUATION 


Materia  1 
System 

Nace 1 1 e 

St  ructure 

Rev i s i ons 

Devel opment 
Program 

Requ i remen  ts 

P roduc i b i 1 i ty 
Risk 

Recommendat i ons 

0 rgan  i c 
Advanced 

Compos i te 
(Gr/Ep) 

Mode  rate 

Mode  rate 

Moderate 

' 

Continue  Design 
Effort 

j 

Meta  1 

Mat  r i x 

Compos i te 
(B/Al ) 

Minor 

Extens i ve 

Very 

H i gh 

Stop  Design 
Effort 

Advanced 

Meta  1 1 i cs 
(SPF/DB 

T i tan i um) 

Minor 

Moderate 

Moderate 

Cont i nue  Des i gn; 
Effort 

i 

2.2.3  1‘reliminary  Design 

The  conceptual  designs  for  the  Organic  Advanced  Composite  and  the  Advanced 
Metallic  systems  selected  as  best  earlier  in  this  section,  have  been  refined  to 
a preliminary  design  stage  from  which  cost  and  weight  analyses  were  made. 

2. 2. 3- I Organic  Advanced  Composite  Preliminary  Design  - The  conventional 
landing  gear  configuration  was  selected  as  the  best  concept  and  a preliminary 
design  drawing  has  been  made.  Parts  to  be  made  from  organic  advanced  com- 
posites using  Gr/Ep  include  the  shock  strut  cylinder  assembly,  the  piston/ 
fork  assembly,  the  upper  and  lower  torque  links  and  the  wheel. 

All  parts,  except  the  wheel,  will  be  fabricated  by  filament  winding  on 
a mandrel.  The  strut  cylinder  and  the  torque  link  parts  will  be  fabricated, 
two  at  a time,  on  a metal  mandrel  and  cut  apart  after  cure.  The  piston/fork 
will  be  fabricated  on  an  inflated  mandrel  which  is  a body  of  revolution  and 
then  after  winding,  the  wet  part  will  be  placed  in  a mold  and  post  formed  to 
the  offset  fork  conf i gurat ion  and  cured. 
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The  wheel  is  a mechanical  assembly  of  two  aluminum  rin  sections  and  two 
Gr/Ep  wheel  disks.  The  aluminum  rim  was  selected  because  it  is  better  for 
brake  key  attachment  and  heat  dissipation.  It  also  provides  flat  tire  runout 
capability.  The  wheel  disks  are  Gr/Ep  composite  laminations  cut  into  pie 
shaped  segments  and  laic  up  with  staggered  joints  in  a metal  mold.  Inter- 
leaved reinforcements  are  added  to  both  the  hub  and  the  rim  bolting  area  and 
on  the  inner  'wheel  disk.  The  hub  is  reinforced  with  c i rcumferen  t ia  1 over- 
wrap  i ng . 

2. 2. 3-2  Advanced  Metallic  System  Preliminary  Design  - The  advanced  metal  lie 
system,  using  SPF/DB  titanium  has  been  preliminary  designed  using  the  con- 
ventional landing  gear  conf i gurat i on  which  was  selected  as  best  in  tne  con- 
ceptual design  study.  Parts  to  be  made  using  this  process  include  the  fork, 
the  strut  cylinder  and  the  wheel.  The  fork,  which  consists  of  two  side 
plates  and  four  fittings,  will  be  concurrently  formed  and  diffusion  bonded. 

The  strut  cylinder  walls  are  made  as  a truss  core  sandwich  to  provide  an 
efficient  section  for  axial  and  bending  loads.  It  will  be  fabricated  by  load- 
ing the  inner,  the  outer  and  the  core  sheets  on  a mandrel  in  a die  with  the 
trunnion  lug  fittings.  The  truss  core  and  the  outer  sheet  will  be  pressure 
formed  out  to  the  die  cavity  and  diffusion  bonded  to  the  fittings. 

The  wheel  consists  of  two  halves  which  are  mechanically  assembled.  Each 
half  is  an  SPF/DB  assembly  which  consists  of  the  wheel  disk,  half  of  the 
wheel  hub,  the  sealing  ring  and  half  of  the  rim.  The  wheel  disks  will  be 
formed  and  diffusion  bonded  to  the  hub  and  the  sealing  ring  in  a die  using 
the  SPF/DB  process. 

2.2. A  Analysis  and  Evaluation 

2.2.  A.  1 Total  Landing  Gear  System  Comparisons  - The  preliminary  design 
drawing  of  the  Organic  Advanced  Composite  and  the  Advanced  Metallic  systems 
have  been  analyzed  and  evaluated  to  provide  data  for  weight  and  cost  com- 
parison with  the  Baseline  system.  Structural  Analysis,  P roduc i b i 1 i ty 
Evaluation,  Installation  Evaluation,  We i gh t , Deve 1 opmen t Cost,  Production 
Cost,  Reliability,  Accident  Cost  and  Maintenance  Cost  analyses  were  made. 

Structural  analysis  showed  that  the  structural  requirements  of  the  land- 
ing gear  can  be  met  using  either  the  Organic  Advanced  Composite  or  the 
Advanced  Metallic  material  system. 

The  Produc i b i 1 i ty  risk  is  rated  as  moderate  for  either  material  system, 
since  landing  gear  parts  have  not  been  fabricated  on  a production  basis  using 
either  material. 
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Installation  of  the  Organic  Advanced  Composite  landing  gear  requires  a 
three-inch  wider  wheel  well  bay  and  a larger  nacelle  which  will  weigh  68.4 
pounds  more  than  the  baseline.  The  Advanced  Metallic  gear  requires  only  one 
inch  extra  and  will  only  add  18-5  pounds  to  the  baseline  nacelle.  This  is 
because  the  ATS  airplane  is  "volume  limited"  in  the  wheel  well  area  and 
requires  that  the  nacelle  be  increased  in  size  to  accommodate  a 1 arger land! ng 
gea  r. 


Weight  calculations  show  that  the  Advanced  Metallic  system  is  ligntest 
at  1104  pounds,  the  baseline  concept  weights  1164  pounds,  and  the  Organic 
Advanced  Composite  system  is  heaviest  at  1208  pounds.  See  figure  8. 


WEIGHT  IN  POUNDS 
EACH  SIDE 


BASELINE 
(300M  STEEL) 


ORGANIC 
ADVANCED 
COMPOSITE 
(GR  / EP> 


ADVANCED 
METALLICS 
(Ti  - SPF  / DBI 


TOTAL  604. 0 

WHEEL 

n 

TOTAL  582. 0 
66.0 

1 

109  0 

■ 

■ 

TOTAL  552. 0 

TORQUE  LINKS 

5.2 

■ 

13.8 

| 

67.8 

4.5 

PISTON  / FORK 

143.4 

I 

98.6 

I 

113.0 

OIL 

■ 

5.0 

■ 

15.8 

1 

11.7 

STRUT 

1 

139.3 

1 

125.5 

i 

120.9 

CYLINDER 

1 

■ 

■ 

■ 

MISCELLANEOUS: 

I 

I 

241.3 

TIRE  - BRAKE  - ACTUATOR  - 
LOCKS  - AXLE  - PINS  - FASTENERS  - 
ANTI  -SKID  DETECTOR 

223.1 

1 

i 

234. 1 

TOTAL  PER  SHIP  - SET 


1164 


1208 


1104 


Figure  8.  Weight  Analysis  - Comparison 


Costs  were  obtained  from  two  vendors  for  the  Organic  Advanced  Composite 
components  and  since  they  were  significantly  different,  they  are  presented 
as  Vendor  A and  Vendor  B costs. 

Development  costs  are  greater  for  advanced  materials.  Organic  Advanced 
Composites  costs  from  Vn'dor  A are  $988,040  over  baseline  development  costs. 
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from  Vendor  B,  $598,040  over  and  Advanced  Metallics  are  S680.860  over  the 
baseline  development  costs.  See  figure  9. 


(IN  1977  DOLLARS) 


BASELINE 
I300M  STEEL) 


ORGANIC  ADVANCED  • 
COMPOSITE  (GR /EPl  ' 


VENDOR 

A 


VENDOR 

B 


ADVANCED 

METALLICS 

(Ti  - SPF  I DB) 


ENGINEERING 

'DESIGN 


TOTAL 

2.493,410 


TEST  AND  EVALUATION 
FATIGUE  DROP  TESTS 
STATIC  TESTS 

ENGINEERING  TEST  ARTICLE 
TEST  AND  LOGISTICS  SUPPORT) 


TOTAL 


1,512,870 


n *1.505, 370 


I 

TOTAL 

2,103,410 

I 


TOTAL 

$2,186,230 


1,398,870 


$1,257,  980 


$977,370 


PRE  PRODUCTION 
FABRICATION  (2  SHIPSETS) 
TOOLING 


$378,000 

$150,000 


880,000 


604,000 


100, 540 


100,540 


$822,000 


$106,250 


Figure  9-  Development  Cost  Analysis  - Comparison 

Production  costs  were  calculated  using  500  units  and  an  85-F  cost  reduction 
curve.  The  cumulative  unit  ship  set  average  cost  of  the  Organic  Advanced  Com- 
posite system  from  Vendor  A is  $104,254,  from  Vendor  B is  S72.926  and  Advanced 
Metallic  system  is  $93,664.  Only  the  Vendor  B Organic  Advanced  Composite 
system  is  less  cost  than  the  Baseline  cost  of  S8  2 , 2 79  - See  figure  10. 

The  reliability  of  Advanced  Material  systems  is  better  than  the  Baseline 
system.  For  the  components  that  were  redesigned  to  use  Composites  and  Advanced 
Metallics,  the  MDR ' s were  reduced  1%  from  the  Baseline  and  the  Condemnation 
Rates  were  reduced  from  the  Baseline  by  40$:  for  the  Composite  and  by  60^  for 
the  Advanced  Metallic  (Titanium). 

The  maintenance  and  support  costs  for  the  10  year  life  span  are 
S9 , 828, 000  for  the  Baseline  system,  S178.000  more  than  baseline  for  Vendor  A, 
Organic  Advanced  Composites,  $213,000  less  for  Vendor  B,  and  $382,000  less 
than  baseline  for  the  Advanced  Metallic  system. 

A summary  of  the  above  evaluations  is  shown  in  table  VI. 
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BASELINE 
(3COM  STEEL) 


1977  DOLLARS 
500  SHIPSETS 


ORGANIC  ADVANCED 
COMPOSITE  (GR/EP) 

"T 

I 

J. 


VENDOR 

A 


VENDOR 

B 
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52. 126, 752 
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40, 548. 996 
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COST)- 
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(TOOLING) 
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TOTAL 46,409.518 
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36,061,052 


CUMULATIVE  UNIT 

SHIPSET  COST  - AVG.  AT  500  82,279  104,254 

Figure  (0.  Production  Cost  Analysis 
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An  examination  of  this  cnart  does  not  indicate  which  material  system,  is 

best  since  the  Organic  Advanced  Composite  system  from  Vendor  3 is  the  lowest 

production  cost,  but  the  Advanced  Metallic  system  is  the  lightest  and  has 

i the  lowest  maintenance  cost.  A L i f e Cycle  Cost  analysis  must  be  made  before 

the  most  cost  effective  system  can  be  determined. 

) i 

2.2. 4,2  Selected  Best  Component  Comparisons  - An  evaluation  has  been  ~aae 
using  selected  components  in  an  aircraft  which  is  not  "volume  limited."  If 
only  the  strut  cylinder,  the  p i s ton/ fo  rk , the  hydraulic  oil  and  tne  t.-.o 
torque  links  are  examined,  both  advanced  material  systems  show  weight  savings 
over  the  baseline.  The  Organic  Advanced  Composite  parts  save  39-2  pounds  and 
the  Advanced  Metallic  parts  save  42.8  pounds  when  compared  with  tne  baseline. 

Production  costs  for  this  selected  group  of  parts  are  higher  for  advanced 
materials,  but  since  the  weights  are  lower,  tne  "effective  cost"  would  change 
when  tne  "cost  of  weight"  is  used  to  reduce  the  cost  of  the  parts.  On  the 
ATS  aircraft,  this  cost  is  S43 1 per  pound  of  Weight.  See  figure  11. 


COST  IN  THOUSANDS 
1977  DOLLARS /SIDE 


PRODUCTION 

COST 


INCLUDING  WEIGHT  AND 
GROWTH  COST  EFFECTS 


ASSUME: 

• AIRCRAFT  IS  NOT  "VOLUME  LIMITED" 
(LARGER  LANDING  GEAR  STOWAGE 
REQUIREMENTS  WILL  NOT 
INCREASE  AIRCRAFT  SIZE) 

• COST  OF  WEIGHT  * $431  / POUND 

• A COST  * A WEIGHT  X $431 


□ BASELINE 

£3  VENDOR  a7  ORGANIC 

H ADVANCED 

0 VEND0R__8  | COMPOSITES 

□ ADVANCED  METALLICS 


Figure  II.  Selected  Best  Components  - Cost  Comparison 


This  chart  shows  that  the  weight  cost  effect  has  reversed  the  cost 
picture  so  that  the  Organic  Advanced  Composite  parts  from  Vendor  A cost 
S4800  less,  from  Vendor  B,  $11,550  less,  and  the  Advanced  Metallic  parts 
cost  SI4.300  less  than  the  baseline  cost  for  these  selected  parts. 
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2-2.5  Life  Cycle  Costs 


A Life  Cycle  Cost  Analysis  of  both  material  systems  has  been  made.  These 
costs  include  development,  production,  support,  accident  cost  and  fuel  costs. 
In  these  calculations  rhe  change  in  ICC  due  to  weight  changes  was  calculated 
and  added  to  the  other  direct  costs.  The  fuel  costs  were  a change  to  the 
Organic  Advanced  Composite  system  LCC  by  an  added  S2 , 1*84 , 000  , while  fuel  cost 
savings  reduced  the  LCC  of  the  Advanced  Metallic  system  by  $917,200. 

Accident  costs,  resulting  from  stress  corrosion  related  failures,  total- 
ing $18,105,000  were  added  to  Baseline  LCC  and  S5. 974, 000  were  added  to  the 
Advanced  Metallic  (Titanium)  LCC.  This  lower  cost  is  due  to  tne  corrosion 
resistance  of  titanium.  Composite  material  is  corrosion  free,  so  no  cost 
was  added. 

The  total  Life  Cycle  Cost  for  the  Advanced  Metallic  system  (SPF/DB 
titanium)  is  S22,886,000  under  the  baseline  LCC,  while  Organic  Advanced 
Composite.  Vendor  A,  is  $39,815,000  over  and  Vendor  B is  $22,968,000  over 
the  baseline  LCC.  Figure  12  shows  that  the  weight  and  growth  ^actors  have 
added  to  the  Organic  Advanced  Composite  LCC  while  reducing  the  Advanced 
Metallic  LCC.  This  analysis  shows  that  the  Advanced  Metallic  svste"-  is  the 
most  cost  effective  material  system  for  the  ATS  airplane,  which  is  "volume 
limited."  Another  airplane  "not  volume  limited,"  would  not  have  the  weight 
impact  of  the  ATS  nacelle  growth,  and  may  show  that  the  Organic  Advanced 
Composite  system  could  be  more  effective  than  the  Baseline. 
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Figure  12.  Life  Cycle  Costs  Comparison  Chart  (Millions  of  1977  Dollars) 
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SECTION  III 


BASELINE 


The  landing  gear  systems  used  as  baselines  for  this  study  were  the  B-l 
nose  landing  gear  for  the  Phase  I section  and  the  ATS  advanced  fighter  main 
landing  gear  for  the  Phase  II  section  of  this  progran.  The  contractual 
change  in  the  Phase  II  section  of  the  program  specified  that  the  proposed 
landing  gear  for  the  ATS  program  be  used  as  a baseline. 

3. I PHASE  I BASELINE 


The  B-l  nose  landing  gear  has  twin  wheels  and  tires  on  a semi  can t i 1 eve  red 
strut  with  a folding  drag  brace.  A jury  strut  downlock  holds  the  drag  brace 
in  the  on-center  position  when  the  gear  is  in  the  extended  and  locked  position. 
The  shoCK  strut  is  a dual  chambered  air-oil  piston  type. 

This  nose  gear  meets  all  the  requirements  for  the  B-l  airplane  and  com- 
plies with  MIL-A-8862.  The  dimensional  constraints,  hardware  dimensions, 
drawings,  external  loads,  component  loads,  weight  estimates,  environmental 
data,  reliability,  maintainability,  cost  and  life  cycle  estimates  were 
obtained  from  the  B-l  program  and  are  presented  in  Appendix  A,  the  Phase  I 
report . 

3 . 2 Phase  I I BASELINE 


The  Phase  II  baseline  landing  gear  information  has  been  oDtained  from 
a separate  Rockwell  ATS  study  program.  The  ATS  advanced  fighter  con f i gura t i on 
used  as  a baseline  is  shown  in  figure  5-  The  operational  requirements  for 
this  ai rcraft  are: 

1 0 year  1 i fe 
500  ai rcraft  total 
20  wings 

25  ai rcraft  per  wing 
25  flying  hours  per  month 
150  sorties  per  month,  per  wing 

The  tricycle  type  landing  gear  conf igurati on  consists  of  a nose  gear 
and  two  main  landing  gear  assemolies  which  have  been  designee  as  an  optimum 
gear  which  is  compatible  with  the  above  configured  airframe  structural 
design  for  a 53.000  pound  gross  weight  air  vehicle.  This  is  a conventionally 
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configured  main  landing  gear  and  uses  "state-of-the-art"  metallic  materials. 
It  consists  of  two  single  wheel  assemblies  mounted  in  the  engine  nacelles. 
The  gear  assembly  is  fully  retractable  to  the  aft  using  a hydraulic  actuator 
with  power  from  the  airplane  hydrau-lic  system.  When  fully  retracted,  the 
gear  is  completely  contained  within  the  airplane  contour. 

The  data  presented  in  this  section  completely  describes  all  the  design 
parameters  and  constraints  used  in  the  design  of  the  ATS  advanced  fighter 
main  1 and i ng  gear. 

3.2.1  Design  Requirements 

The  ATS  main  landing  gear  has  been  designed  to  comply  with  the  landing 
and  ground  handling  requirements  of  MIL-A-8862.  Since  it  is  readily  avail- 
able, this  specification  has  not  been  included  with  this  report. 

The  ATS  main  landing  gear  must  meet  the  following  design  requirements 
characteri sties. 

3. 2. 1.1  Performance.  The  performance  of  the  landing  gear  system  shall 
permit  required  ATS  performance  for  landing,  takeoff  and  flotation,  and 
shall  provide  the  following  functions: 

1.  Absorb  and/or  transmit  the  static  and  dynamic  energy  resulting 
from  the  air  vehicle  takeoff,  landing,  and  ground  manuevering 
operat ions. 

2.  Provide  directional  control  to  accomplish  steering,  turning, 
pivoting,  taxiing,  and  braking  of  the  air  vehicle. 

3.  Provide  ground  flotation  for  the  air  vehicle  during  ground 
maneuvers . 


4.  Provide  for  retraction,  extension,  and  locking  of  the  main 
and  nose  gears  for  the  flight  and  ground  mode  of  operation, 
and  provide  indication  and  warning  to  the  pilot  of  gear 
pos i t ion . 

5.  Provide  for  towing,  tie-down  and  wheel  jacking. 

3.2. 1.2  Landing  Gear  Operation.  The  main  and  nose  landing  gear  assemblies 
shall  be  hydraulically  operated  and  electrically  controlled.  Gear  position 
shall  be  selected  by  means  of  the  landing  gear  control  handle  located  in 
the  flight  station.  Sequencing  shall  be  accomplished  by  use  of  switches, 
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relays,  solenoid  and/or  mechanically  operated  valves.  Protection  against 
inadvertent  retraction  of  the  landing  gear  with  the  air  vehicle  on  the 
ground  shall  be  provided. 

The  main  and  nose  landing  gears  shall  be  fully  retractable  and  com- 
pletely enclosed  when  in  the  retracted  position.  The  gears  shall  automati- 
cally lock  in  the  extended  and  retracted  position  oy  means  of  positive 
mechanical  locks.  Locking  the  gears  in  either  the  extended  or  retraced 
position  shall  not  oe  dependent  upon  hydraulic  pressure.  The  locks  shall  be 
designed  such  that  they  shall  release  the  gears  prior  to  or  at  the  same 
instant  the  gear  extension  actuator  receives  hydraulic  pressure.  The  main 
gear  doors  and  gear  uplock  mechanisms  shall  be  unlocked  by  hydraulic  power. 
Fairings  and  closures  shall  be  designed  with  adequate  clearance  considering 
flat  tire,  flat  strut  conditions,  tire  growth  and  installation  misalignment. 
Interruption  of  the  cont rol  sequence  or  driving  power  to  the  landing  gear  and 
fairing  door  actuation  system  during  normal  or  emergency  operation  shall  not 
result  in  system  malfunction  or  structural  damage  to  any  part  of  the  air 
vehicle.  The  landing  gear  and  fairing  doors  shall  continue  to  the  selected 
position  upon  reapplication  of  hyraulic  power. 

Retracting  and  extension  time  for  the  main  landing  gear  and  door  assem- 
blies snail  be  as  shown  in  table  VII.  The  main  landing  gears  shall  be 
retracted  and  locked  before  the  air  vehicle  reaches  75  percent  of  the  gear 
structural  design  limit  speed  (V^p)  at  the  maximum  rate  of  acceleration. 

TABLE  VII 

RETRACTION  AND  EXTENSION  TIME 


Minimum  A1 lowable 

Maximum  A!  lowab le 

Time  to  Open  Doors 

Time  to  Retract 

And  Extend 

And  Lock  Gears 

And 

And 

litem 

Temperature 

Lock  Gears 

Doors 

a . 

b. 

Above  minus  20°  F 

Minus  65°  F to  minus  20 

0 F 



1 5 seconds 

30  seconds 

15  seconds 

30  seconds 

Emergency  extension  time  shall  not  be  greater  than  2 times  the  maximum 
allowable  operating  times  specified  above. 
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The  main  landing  gears  shall  be  designed  to  withstand  air  loads  resulting 
from  speeds  up  to  300  knots  equivalent  air  speeds  (EAS)  for  all  extension 
positions  to  full  extension,  and  shall  be  capable  of  operating  (retraction 
and  extension)  at  speeds  up  to  250  knots  EAS.  Actuators  and  linkages  shall 
be  designed  to  withstand  the  loads  imposed  by  these  design  operating  condi- 
tions, including  the  effects  of  hydraulic  surges  and  pressures. 

An  emergency  extension  control  shall  be  provided  that  is  independent 
of  the  normal  gear  operating  controls.  It  shall  oe  possible  to  extend  the 
landing  gear  to  the  down  and  locked  position  in  the  event  of  any  single 
hydraulic  or  electrical  component  failure.  The  landing  gear  shall  be  capable 
of  emergency  extension  to  a down  and  locked  position  independent  of  the  air 
venicle  hydraulic  and  electrical  power  generation  subsystems.  Primary  means 
of  emergency  operating  power  shall  not  be  dependent  upon  battery  power. 
Emergency  extension  time  shall  be  not  greater  than  twice  the  maximum  allowable 
operating  limits  specified  in  table  VII. 

Provisions  for  jacking  and  towing  shall  be  incorporated  in  accordance 
with  M I L-STD-809  and  MIL-STD-805. 

3-2. 1.3  Reliability.  The  landing  gear  system  shall  incorporate  those 
design  character i s t i cs  essential  to  the  achievement  of  the  quantitative  and 
qualitative  reliability  requirements  specified  for  the  air  vehicle. 

3-2.1. A Ma i n ta i nab i 1 i ty . The  landing  gear  system  shall  incorporate  those 
design  characteri st i cs  essential  to  the  achievement  of  the  quantitative  main- 
tainability requirements  specified  for  the  air  vehicle. 

The  standard  Air  Force  policy  of  three  levels  of  maintenance  (organiza- 
tional, intermediate,  and  depot)  shall  be  employed  for  the  landing  gear 
systems.  The  following  qualitative  requirements  shall  apply. 

The  landing  gear  system  shall  be  self-sufficient  to  the  extent  of  per- 
mitting preflight  inspections  to  be  performed  without  prepositioned  AGE, 
and  permitting  postflight  inspections  to  be  performed  without  prepositioned 
AGE,  except  for  step  ladders  or  workstands,  and  ground  safety  locks/devices 

The  landing  gear  system  shall  permit  all  maintenance  to  be  accomplished 
by  Air  Force  technicians  five-skill  level  maintenance  personnel,  with 
occasional  seven-skill  level  personnel,  using  existing  Air  Force  facilities 
and,  for  most  tasks,  existing  AGE.  Design  for  repair  by  Air  Force  technician 
three-skill  level  maintenance  personnel  shall  be  a goal. 
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Equipment  design  shall  reflect  thorough  consideration  of  the  capabilities 
of  human  resources  available  to  maintain  the  equipment  and  the  utilization  of 
automatic  test  equipment  to  support  maintenance  personnel. 

3.2. 1.5  Major  Component  Characteristics.  The  main  and  nose  landing  gear 
shock  struts  shall  comply  with  the  requirements  of  MIL-L-8552,  M I L -T -6053 
and  AFSC  OH  2-1.  The  shock  struts  shall  be  designed  such  that  the  passage 
of  oil  through  an  orifice  shall  absorb  the  energy  of  impact  and  in  which  dry 
nitrogen  is  used  as  the  elastic  medium  to  restore  the  unsprung  parts  to  their 
extended  position.  The  shock  struts  shall  be  capable  of  withstanding  the 
leads  derived  from  MIL-A-8860,  MIL-A-8862,  MIL-A-8866,  MIL-A-8867, 
including  static  strength  and  four  lifetime  fatigue  requirements.  The  air 
vehicle  design  sinking  speed  shall  be  10  feet  per  second  at  the  landplane 
landing  design  weight  and  6 feet  per  second  at  the  maximum  design  landing 
weight.  The  shock  struts  shall  be  capable  of  supporting  the  air  vehicle  on 
a flat  strut  (loss  of  nitrogen)  through  the  complete  landing  cycle,  at  normal 
landing  conditions,  without  damage  to  the  shock  struts  or  carry-through 
structure.  A complete  landing  cvcle  at  normal  landing  conditions  shall  con- 
sist of  landing  at  a landplane  landing  design  weight  at  a sink  speed  of  6 
feet  per  second.  The  landing  runout  and  taxi  design  load  for  the  flat  strut 
condition  shall  be  the  static  gear  load  at  maximum  taxi  weight  times  a 
dynamic  factor  of  1.2.  Compression  ratios  shall  be  compatible  with  all 
applicable  landing  gear  system  performance  requirements.  The  shock  strut 
shall  have  a design  vertical  stroke  of  12  inches  measured  at  the  axle  center- 
line  and  a design  4 inch  stroke  from  static  to  compressed  position.  The 
torsional  spring  rate,  in  the  static  position,  shall  not  exceed  1.4  x 10*** 
radians  per  1000  inch/pounds. 


The  main  lancing  gear  wheel  assemblies  shall  comply  with  the  require- 
ments specified  in  M I L -W—  50 1 3 • except  the  wheels  shall  be  capable  of  being 
rolled  a distance  of  2500  miles,  including  consideration  for  combined 
radial  and  side  loads  corresponding  to  those  produced  by  0.25G  turns.  A 
pressure  relief  valve  shall  be  provided  for  the  wheel  to  prevent  over- 
pressurization of  the  wheel  and  tire  assembly.  Provisions  for  a tire  change 
counter  shall  be  incorporated  in  each  wheel  for  recording  a minimum  of  50 
tire  changes.  A tire  pressure  gage  shall  oe  incorporated  on  the  outboard 
side  of  the  wheel  assembly.  The  gage  shall  conform  to  MIL-G-83016,  except 
the  gage  shall  withstand  exposure  to  vibration  and  to  a burst  pressure  of 
the  tire. 

3.2. 1.6  Dimensional  Constraints.  The  dimensional  constraints  for  the  ATS 
main  landing  gear  are  shown  in  figure  5.  the  air  vehicle  configuration 
drawing,  and  figure  6,  the  baseline  main  landing  gear  drawing. 
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3-2. 1-7  Metallic  Hardware  Dimensions.  Dimensions  of  the  ATS  main  landing 
gear  hardware  are  shown  in  figure  6,  the  baseline  main  landing  gear  drawing. 

3-2.2  Baseline  Main  Landing  Gear  Description 

The  ATS  main  landing  gear  assembly  consists  of  a semi  cant i 1 evered  shock 
strut  with  a single  tire  and  wheel  mounted  in  the  engine  nacelle.  The  for- 
ward nacelle  engine  air  intake  section  has  a split  duct  with  a faired  center 
island  which  extends  from  the  inlet  back  to  the  engine  compartment.  The  main 
landing  gear  is  housed  within  this  center  island  of  the  nacelle.  T'ne  gear 
assembly  is  fully  retractable  aft,  and  is  completely  contained  within  the 
airplane  contour  when  retracted.  A hydraulic  actuator,  using  air  vehicle 
hydraulic  power,  is  used  to  extend  and  retract  the  landing  gear. 

The  landing  gear  assembly  is  attached  to  the  nacelle  structure  Py 
journaled  trunnions  at  the  lower  end  of  the  strut  main  body  and  latched  into 
extended  and  retracted  positions  by  a locking  device  at  the  top  of  the  strut. 
The  trunnions  are  supoorted  by  nacelle  frames  which  are  fastened  to  the  front 
spa r of  the  wi ng . 

With  the  gear  locked  in  the  extended  position,  the  vertical  and  side 
loads  are  reacted  at  the  trunnions  and  the  drag  loads  reacted  by  the 
trunnions  and  the  upper  latch.  The  torsional  loads  on  the  gear  are  reacted 
by  the  torque  links  which  are  fastened  to  the  fork  (piston)  and  the  strut 
body.  These  links  hinge  to  allow  the  fork  vertical  mocion,  but  resist  the 
torsion  loads  between  the  fork  and  the  strut  body. 

The  strut  shock  absorber  will  be  an  air-oil  type  in  which  the  oassage 
of  metered  oil  through  an  orifice  is  used  to  absorb  landing  impact  energy 
and  to  control  the  rate  of  compression.  A snubber  valve  controls  the  rate 
of  extension  of  the  piston.  The  shock  strut  will  support  the  airplane  weight 
on  the  elastic  medium  of  nitrogen  and  hydraulic  fluid  which  .will  cushion  and 
absorb  the  taxiing  loads  and  will  restore  the  gear  to  the  extended  position 
when  unloaded. 

The  strut  (outer  cylinder)  and  fork  (piston)  will  be  fabricated  from 
300M  steel,  heat  treated  to  280-300  ksi.  The  strut  consists  of  a machined 
cylinder  and  end  caps.  The  upper  cap  contains  the  latching  device  which 
has  a bungee  to  hold  the  pin  in  position  if  the  hydraulic  pressure  is 
reduced.  The  fork  (piston)  is  a machined  part  with  an  upper  cylinder  (piston) 
and  a lower  angled  cylinder  (fork)  section.  The  lower  cylinder  is  then  hot 
formed  to  the  fork  configuration.  An  axle  socket  is  welded  to  the  lower  end 
of  the  fork  to  complete  the  part.  The  axle  socket  has  a jack  pad  on  the 
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bottom  which  will  allow  jacking  of  the  air  vehicle  at  gross  weight.  The  axle 
is  a machined  300M  steel  cylinder  which  is  pressed  into  the  axle  socket.  The 
metering  pin  is  a machined  aluminum  part  which  fits  into  the  upper  hollow 
interior  of  the  piston  section  of  the  fork.  The  upper  aluminum  bronze  bearing 
is  positioned  against  the  upper  flange  of  the  piston  and  held  by  the  cylindri- 
cal aluminum  spacer  which  is  pinned  to  the  piston.  This  spacer  limits  the 
stroke  of  the  piston. 

The  orifice  and  orifice  support  tube  are  assembled  and  placed  into  the 
upper  end  of  the  strut.  The  upper  cap  is  then  screwed  onto  the  strut  and  the 
orifice  support  tube  is  held  between  the  strut  and  the  cap. 

Assembly  of  the  fork  and  strut  consists  of  inserting  the  piston  section 
of  the  fork  into  the  strut  between  the  orifice  and  the  outer  strut  wall. 

The  lower  aluminum  bronze  bushing  is  positioned  into  the  lower  end  of  the 
strut  and  held  in  place  by  a retainer  nut.  This  lower  bushing  provides  the 
pistor  stroke  limiting  stop  for  the  upper  piston  spacer. 

Torque  links,  which  keep  the  wheel  aligned,  are  made  of  7075-T736 
aluminum  and  are  bolted  together  at  the  apex  and  to  the  lugs  on  the  fork. 

The  upper  torque  link  is  assembled  onto  the  main  trunnion  pin  between  the 
lugs  on  the  strut. 

Airframe  trunnions  have  se I f -a  1 i gn i ng  bearings  for  the  trunnion  pin. 
Installation  of  the  strut  into  the  wheel  well  is  accomplished  by  positioning 
the  strut  and  inserting  the  trunnion  pin  through  the  airframe  trunnion 
searings,  the  strut  lugs,  spacer  tube  and  upper  torque  arm  lugs.  Retainers 
are  then  placed  into  the  ends  of  the  hollow  trunnion  pin  and  held  in  position 
by  a through  bolt. 

Wheels  will  be  34  x 9-9  x 14.5  size  and  will  be  made  from  two  2014 -T 6 
aluminum  forged  wheel  sections.  Wheel  assembly  will  include  the  tire,  two 
wheel  sections,  which  are  bolted  together,  wheel  bearings  and  the  cylindri- 
cal £alse  axle.  Installation  of  the  wheel  assembly  consists  of  slipping 
the  false  axle  over  the  structural  axle  and  screwing  the  retainer  nut  onto 
the  axle.  The  brakes  will  be  contained  within  the  14.5  inch  diameter  wheel. 
The  wheel  brake  section  will  be  keyed  to  the  inner  wheel  section  rim  and 
the  stationary  Drake  is  mounted  to  two  lugs  on  the  fork.  Brake  operating 
power  will  be  provided  by  two  individual  hydraulic  sources.  One  pressure 
source  will  provide  the  required  wheel  braking  torque  with  the  second 
system  as  an  emergency  backup. 

3.2.3  External  Loads 


The  external  loads  acting  on  the  baseline  (300M  steel)  main  landing 
gear  of  the  ATS  advanced  fighter  were  obtained  from  a study  of  the  ATS  which 
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generated  loads  using  a computer  program  entitled  "Structural  Weight  Estima- 
tion Program,"  known  as  "SWEEP." 

SWEEP  is  a computer  program  with  major  engineering  analysis  modules 
structured  around  preliminary  design  procedures  and  integrated  into  a working 
program  that  can  completely  analyze  structure  weights  and  mass  properties  of 
major  vehicle  components. 

The  basis  for  the  structural  weight  analysis  in  SWEEP  is  an  approxima- 
tion of  the  procedures  and  methods  used  in  the  actual  structural  analysis 
and  design  processes  through  the  creation  of  an  engineering  description  of 
the  components  in  terms  of  physical  geometries,  design  criteria,  structural 
sizings  and  mass  properties.  This  is  accomplished  through  mathemat i ca 1 
modeling  procedures  and  the  adaptation  of  theoretical,  empirical,  and/or 
statistical  methods  to  a logical  but  flexible,  interrelated  computational 
Drocedure.  The  structural  sizes  are  synthesized  from  design  requirements 
and  criteria  data  developed  from  evaluation  of  configuration  design  criteria 
by  special  analysis  routines.  The  load  analysis  in  the  landing  gear  sub- 
routine of  SWEEP  follows  the  procedure  outlined  in  MIL-A-8862A. 

The  takeoff  and  landing  conditions  for  the  ATS  are  defined  in  table  VIII. 
Additionally,  based  on  the  aforement i oned  SWEEP  program,  external  main  gear 
loads  were  generated  for  eight  critical  design  conditions.  These  generated 
loads  are  summarized  in  table  IX,  which  also  describes  appropriate  load  appli- 
cation points,  as  well  as  appropriate  strut  extension  length  data.  It  should 
De  noted  that  the  load  denoted  as  "UP"  is  meant  to  mean  along  the  strut/pistor 
axis,  while  "AFT"  or  "INBOARD"  are  orthogonal  to  the  strut  axis  and  each  other. 
Location  of  external  load  application  points  are  also  shown  in  figure  '3, 
which  also  shows  schematically  the  general  location  of  the  various  components 
of  the  main  gear  assembly.  The  "schematic"  is  a typical  conf i gura t i on  co r 
all  gear  concepts  (300M  steel  baseline,  SPF/DB  titanium,  and  graphite/epoxy 
composite)  investigated  under  this  study.  For  the  purposes  of  analysis, 
all  of  the  aforementioned  design  loads  were  considered  to  occur  in  a room 
temperature  environment  (70°F). 


TABLE  VIII 

ATS  TAKEOFF  AND  LANDING  CONDITIONS 


Weight 

Landing  Speed 

Sink  Speed 

Cond i t ion 

(lbs) 

Load  Factor 

Ft/Sec. 

Ft/Sec. 

T akeof f 

53.000 

1.629 

253-2 

I 

6.00 

Land  ing 



47,^00 

2.743 

202.5 

10.00 
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TABLE  IX 
SUN  MARY  OF 

MAIN  LANDING  GEAR  EXTERNAL  LOADS 


Condition 

No.  Description 

CD 

Strut 

Position 

Load  (2) 
Application 
Point 

(1) 

Load 

Direction 

Limit  Loads  flbsl 

Takeoff  Value 

Landing  Value  j 

1 Two  Point 

A 

C 

UP 

25020 

— — 1 — ... 

62150 

.AFT 

0254 

15538 

2 Spin -Up 

A 

C 

UP 

21"S3 

42653 

.AFT 

lb-” 

3284- 

. . 

5 Spring  Back 

A 

C 

■ ' - --  ‘ 1 - 

UP 

25020 

, 

02156 

FORWARD 

149~b 

2932" 

i Braked  Roll 

B 

D 

...  ■ u«-  c _L  -4 

UP 

39“50 

42660 

.AFT 

31800 

34128 

5 Drift 

A 

D 

3 10  “ 8 

■ rir  i. 

, __  , . - - - , 

fluSE§91 

24862 

o Unsymmetric 

B 

D 

UP 

52095 

. M.  - — - 1 

28"04 

Braking 

.AFT 

229o3 

j ~ lowing 

3 

C 

UP 

| 

1 

- .AFT 

IBmBm 

3 Turning 

B 

D 

UP 

sasaa 

INBOARD 

WBBM 

1 

: l.i  Strut  Position:  A = 2 inches  from  fully  extended 

B = 3 inches  from  fully  extended  (Static) 

: 2 ' Refer  to  Figure  1 1)  for  location  of  load  application  point 

C = at  centerline  of  axle 
D = at  ground  at  tire  contact  point 


1 


* Analysis 
Coordinates 

i=0°  for  all 
conditions  except 
No.  1 forward 

^ — 1 ■>  “O 

} = 1 - . O 
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figure  13-  Schematic  ol  Typical  Landing  Gear  Assembly  and  Location  of  Components 


3 . 2 . A Component  Loads 


The  external  loads,  as  previously  discussed,  were  used  to  obtain  compon- 
ent loads  as  described  in  this  section.  First,  the  appropriate  deflection 
(fore  or  aft,  inboard  or  outboard)  of  the  ax  I e-to- lower  piston  tube  attach  point 
(point  C on  figure  1 3)  was  "estimated"  or  calculated  using  the  lower  piston 
tube  section  and  material  properties.  Then,  using  the  deflected  geometry 
dimensions,  loads  were  determined  by  finding  the  various  reactions  within 
the  g ear  structure  due  to  the  external  loads.  These  reactions  were  deter- 
mined for  all  conditions  for  the  300M  steel  baseline  gear  configuration. 
Reactions  calculated  included  the  following: 

Upper  and  Lower  Bearing  Reactions  (X,  Y) 

Torque  about  the  Piston/Strut  Tube  Axis  (M2Z) 

Upper  Strut  Pin  Reaction  (X) 

Trunnion  Pin  to  Strut  Tube  Fitting  Reactions  (X,  Y,  2) 
where  + X i s AFT 

+ Y is  OUTBOARD 
- Z is  UP 


3-2.5  St  ress  Analysis 

The  300M  steel  baseline  main  landing  gear  components  (see  figure  1 3) 
were  analyzed  using  standard  analysis  methods  to  determine  working  stress 
levels  at  various  critical  sections  of  the  components  and  combined  loading 
margins  of  safety  were  determined  for  all  components  based  on  the  300M  steel 
material  properties  per  table  X.  Load  factors  employed  in  the  analysis  were 
as  follows: 

LIMIT  LOAD  = 1.0 
ULTIMATE  LOAD  - 1.5 
FITTING  FACTOR  = 1.15 

For  the  sake  of  brevity,  no  detailed  discussion  of  the  analysis  will  be  pre- 
sented. A summary  of  critical  (minimum)  margins  of  safety  for  each  component 
of  the  300M  steel  gear  concept  is  presented  as  table  XI.  Refer  to  figure  13 
for  component  locations.  Nc  negative  margins  of  safety  were  determined  by 
this  analysis,  hence,  the  300M  steel  gear  concept  (per  figure  6)  is  considered 
structurally  adequate  for  the  previously  defined  design  loads. 
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TABLE  X 

BASIC  MATERIAL  PROPERTIES 
300M  STEEL 

275,000  - 305,000  psi  HT 
Room  Temperature 


Ptu  (I-  and  T) 

275,000  psi 

Fr  (L  and  T) 

227,000  psi 

y 

F.  (L  and  T) 
y 

252,000  psi 

157.000  psi 

U 

Fbr 

A62.000  psi 

u 

Fb  r 

362,000  psi 

y 

Et 

29x10  psi 

Ec 

29  x 106  ps  [ 

G 

11  x 106  psi 

FtP 

190,000  psi 
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3.2.6  Weight 


The  total  weight  of  the  ATS  main  landing  gear  baseline  is  calculated 
to  be  1164  pounds,  as  is  broken  down  in  Table  XII. 


TABLE  XII 
WEIGHT  BREAKDOWN 
ATS  MAIN  LANDING  GEAR  BASELINE 


Wt . Per  Side 


Descr i pt ion  (Pounds ) 

Strut  (outer  Cylinder)  139.30 

Fork  and  Piston  (inner  strut  cylinder)  143.40 

Axle  9.11 

Torque  Links  (upper  and  lower)  (Aluminum)  5.20 

Gear  Locks  (up  and  down)  19-64 

Actuator  Cylinder  7-38 

Wheels  (Aluminum)  66.00 

Tires  and  Brakes  166-50 

Misc. (oil,  air,  anti-skid  dectector)  25- 50 

Weight  Total  582.00 


ATS  Main  Landing  Gear  System  - Weight  Total  1164.00  PER  AIR/VEHICLE 


38 


I 


3-2.7  Env i ronmen  ta 1 Data 

The  landing  gear  shall  be  capable  of  operation  in  conditions  as  defined 
be  1 ow: 

Tempera  tu  re 
Pressure 
Humi d i ty 
Ra  i n 

Sal t Fog  and  Spray 

Sand  and  Oust 


3-2.8  Development  Cost 

Development  or  implementation  costs  include  such  nonrecurring  costs  as 
Engineering  hours  for  design,  system  and  program  management,  tests  and  evalua- 
tion.  Preproduction  tooling  costs  and  orototype  and  test  article  fabrication 
costs  are  also  included.  These  cost  estimates  were  developed  parametrically 
from  data  generated  by  other  programs.  See  table  XIII  for  Development  Costs. 

3.2.9  Production  Cost 

The  cost  estimate  for  the  ATS  main  landing  gear  was  developed  from  several 
sources  of  data.  Material  costs  per  pound  and  hours  per  pound  fabrication 
costs  were  obtained  from  B-l  landing  gear  data.  The  wheels,  tires,  brakes 
and  anti-skid  device  costs  were  taken  from  recent  quotes  for  the  Rockwell 
-65  Sabreliner  program.  These  costs  were  adjusted  for  differences  in  weights. 

ihe  learning  curve  used  for  fabrication  was  89%  and  was  based  on  vendor 
data.  Assuming  one  release  for  the  500  units,  the  true  midpoint  for  the  fabri- 
cation effort  is  unit  169- 73 • Adding  the  materials  cost  and  the  prorated 
recurring  costs  of  the  tooling  to  the  fabrication  costs  produces  a cost 
reduction  curve  of  92%,  see  figure  H*.  See  table  XIV  for  results  of  the  cost 
ana  lysis. 


-65  to  + 1 20° F 
10.1  to  1 5-  ps i 

0 to  182  grains  F^O/lb.  dry  air 

Operational  world  wide  p rec 1 o i ta t i on 
extremes 

Salt  particle  size  1.0  micron 
diameter  minimum 

Dust  size  .1  to  10  microns  in  dia. 
Sand  size  10  to  1000  microns  in  dia. 
Concentration  up  to  .5  gram/ft. ^ air 
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TA8LE  XIII 

BASELINE  DEVELOPMENT  COSTS 
(RDT&E  costs  in  thousands  of  1977  dollars) 

Engineeri ng 
Des  i gn 

Test  and  Evaluation 
Fatigue  Drop  Tests 
Static  Tests 

Engineering  Test  Articles 
Test  and  Log i s t i cs- Support 

Subtotal  S 977.37 

Preprcduct ion 

Fabrication  of  2 S'nipsets  S 378.00 

Tooling 


Labor  and  Materials  150.00 


$ 333.04 

275.13 
107.00 
82.00 
82.00 
38.20 


Production  Cost  Pur  Shi|iset 


TABLE  XIV 


PRODUCTION  COST  - BASELINE 
(1977  Dollars) 

500  Shipsets 


Nonrecurring  Costs 

Tool i ng  hours 

( 19,418) 

Tool ing  dol lars 

S 

544, 400 

Tool i ng  material 

$ 

45,978 

TOTAL 

$ 

590,378 

Recurring  Costs 

Fabrication  hours 

(755,729) 

Fabricat ion  dol 1 ars 

$ 

22,626,526 

Production  material 

$ 

13.816,634 

Tool ing  hours 

( 19,699) 

Tooling  dollars 

$ 

541,134 

Tool ing  materia  1 

$ 

45,702 

T i res  ; o rakes 

antiskid  detector 

S 

3,519.000 

TOTAL  RECURRING 

COSTS 

5 

40,548,996 

CUMULATIVE  UNIT 

SHIPSET 

$ 

82,279 

COST  - AVERAGE  AT  500  SHIPSETS 
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Total  nonrecurring  tooling  cost  will  be  $590,378  and  total  recurring 
fabrication  and  material  costs  will  be  $40,548,996.  The  total  production  cost 
for  500  units  will  be  $41,139,374  with  a cumulative  unit  average  at  500  of 
$82,279- 

3-2.10  Re  1 i ab i 1 i ty 

The  two  reliability  factors  that  were  determined  for  the  baseline  ATS 
main  landing  gear  were  the  corrective  "Maintenance  Demand  Rates"  (MDR)  and 
the  condemnation  rates.  The  condemnation  rate  is  the  product  of  the  MDR 
times  a condemnation  factor. 

The  condemnation  factor  is  a variable  which  measures  the  amount  of 
repair  possible  before  the  equipment  must  be  condemned  and  discarded.  The 
condemnation  factors  were  established  using  data  from  previous  experience  with 
similar  equipment  and  factors  being  used  by  Air  Force  Logistics  Centers  in 
the  K05 I system. 

The  Condemnation  Rates  were  determined  using  vendor  data  and  AFM66-1 
data  for  various  aircraft  and  are  presented  in  Table  XV. 

The  total  corrective  MDR  for  the  baseline  landing  gear  is  24,329  per  10^ 
flight  hours.  Tires  and  brakes  make  up  954  of  this  total  and  are  the 
hignest  individual  MDR  and  also  the  highest  condemnation  rates. 

3-2.11  Ma i nta  i nab i 1 i ty 

The  maintenance  and  logistics  support  costs  for  the  fleet  of  500 
aircraft  over  a life  span  of  10  years  will  be  $6,151,000  spares  cost  and 
S3, 676,800  personnel  cost. 

The  baseline  preliminary  design  drawing  was  evaluated  to  define  the 
maintenance  required.  This  study  established  maintenance  tasks,  task  times, 
personnel  required,  maintenance  demand  rate  (MDR),  and  group  support  equip- 
ment required.  This  was  done  by  performing  an  on-aircraft  and  off-aircraft 
analysis  on  each  line  replaceable  unit  (LRU)  such  that  the  following  infor- 
mation is  generated  and  tabulated. 

A.  Maintenance  task  or  activity 

B.  Task  time  duration  (estimated  or  timelined) 

C.  Maintenance  demand  rate  (MDR)  for  each  task 

D.  Personnel  required  (quantity)  per  task 
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CORRECTIVE  MAINTENANCE  DEMAND  RATES  AND  CONDEMNATION  RATES 
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CONDEMNA-  Condemnation  Factor  X Mainten-  RANK  WUC 1 s (Components)  are  ranked 

TION  RATE  ance  Demand  Rate  by  Percent  Contribution 

of  the  Total  Subsystem 
MTBCMA 


E.  Required  ground  support  equipment  per  task  (brief  description 
of  equipment) 

F.  LRU  quality  per  aircraft 

Support  requirements  are  derived  as  follows: 

A.  "Maintenance  Tasks"  are  those  maintenance  actions  associated  with 

the  system  or  LRU  which  require  corrective  action  when  the  item  fails 
or  requires  servicing  (e.g.,  preflight  inspection,  tire  remove  or 
replace,  etc. ) . 

S.  "Task  Tire  Duration"  is  the  estimated  time  required  to  accomplish 
the  task. 


C.  "Maintenance  Demand  Rate"  is  the  rate  at  which  the  maintenance  action 
will  occur  during  the  life  of  the  aircraft. 

0.  "Personnel  Required"  is  the  number  of  personnel  required  to  perform 
the  task. 

E.  "Required  Ground  Supoort  Equipment"  is  a brief  technical  description 
of  the  ground  support  equipment  required  to  accomplish  the  task 
ie.g.,  hydraulic  cart,  stand,  calibration  unit,  etc.). 

F.  "LRU  Quantity"  is  the  quantity  of  like  LRU's  on  the  aircraft. 

Maintenance  actions  and  associated  resources  were  identified  for  the 
following  general  categories: 


P -e  f I i gh t i nspect ion 

Postflight  inspection 

Scheduled  inspection 

Servicing  operations 

On-aircraft  corrective  maintenance 

Off-aircraft  corrective  maintenance 


The  servicing  and  inspections,  maintenance  is  shown  in  table  XVI.  A 
summary  of  MDR  data  which  resulted  from  this  analysis  is  shown  in  table  XVII 
and  the  detailed  data  is  presented  in  Appendix  E,  and  includes  table  E-l, 
On-Aircraft  Corrective  Maintenance  and  table  E-M,  Off-Aircraft  Corrective 
Maintenance  Operational  support  equipment  for  both  on-aircraft  and  off-aircraft 
is  summarized  in  table  XVIII  and  XIX  respectively. 
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TABLE  XVI  I 

SUMMARY  OF  MAINTENANCE  DEMAND  RATES 


TABLE  XVIII 

SUMMARY  OPERATIONAL  SUPPORT  EQUIPMENT 
ON -AIRCRAFT  MAINTENANCE 


OSE 

NOMENCLATURE 


FUNCTION  OR  DESCRIPTION 


Landing  Gear  Tool  Set 


Ai r Veh icle  Jacks 


Special  Tools  for  Tire,  Actuator,  Brake 
and  Strut  Removal 

Three  Point  Jacking  System,  15  Ton  Total 


Dual  Purpose  GN2  Servicing  Cart 


GN2  Service  Cart  for  Tire  Inflation  and 
Strut  Servicing  (2000  psi) 


Hydraulic  Servicing  Cart 


Hydraulic  Fluid  Drain  Receptacle 


Ground  Power  Electrical  Cart 
400  Hertz 

Ground  Hydraulic  Pcwer  Cart 


Service  Hydraulic  System  When  Replacing 
Actuators 

Drain  Receptacle  for  Use  During  Actuator 
Removal  and  Replacement  Activit:es 
(5  Gal.) 

Provides  400  Cycle  Power  to  Aircraft  for 
Landing  Gear  Tests 

Provides  Hydraulic  Power  for  Landing 
Gear  Checkout  Following  Corrective 
Mai ntenance 


Ant i *Sk i d Test  Set 


Provides  for  Functional  Test  of  Anti- 
Skid  Detector. 


TABLE  XIX 


SUMMARY  OPERATIONAL  SUPPORT  EQUIPMENT 
OFF-AIRCRAFT  MAINTENANCE 


OSE 

| NOMENCLATURE 

OSE 

FUNCTION  OR  DESCRIPTION 

1 

j Landing  Gear  Tool  Set  (Off  Aircraft) 

i 

Special  Tools  and  Holding  Fixtures 

Used  in  the  Disassembly  and  Assembly 
of  Wheel,  Brakes,  Actuators,  Strut 
and  Sensor. 

■ Dual  Purpose  GN2  Servicing  Cart 

Inflate  T i res 

1 Actuator  Test  Stand-Hydraulic 
■ (Intermediate  and  Depot) 

Test  Hydraulic  Actuators 

Clean  and  Refinish  Actuator  Stand 

Clean  and  Refinish  or  Resurface 

' (Depot) 

! 

Actuators  and/or  Parts 

1 

i 

j Gauge  Set 

Gauge  for  Inspection  of  All  Landing; 

Gear  Precision  Parts  I 

l*S 


The  Support  Cost  is  given  by  the  following  equation. 

Support  Cost  = Spares  Cost  + OSE  Cost  + Personnel  Cost 

where:  Spares  Cost  = Initial  Spares  Cost  + Recurring  Spares  Cost 

(OSE  = Cost  of  special  Operational  Support  Equipment 
for  a 1 1 bases  ■ ) 

Personnel  = Cost  of  Maintenance  Airmen  and  their  training. 

The  Initial  Spares  cost  equation  is  given  below.  The  quantity  of  in:tlal 
spares  is  adjusted  to  assure  .99  probability  of  availability. 

Initial  Spares  Cost  = Maintenance  Demand  Rate  (MDR) 

x Quantity/Aircraft 
x Flight  Hours /Month/W i ng 
x Turn-around  Time 
x Number  of  Wings 
;<  Un  i t Cos  t of  Spare 

The  Recurring  Spares  cost  equation  is  shown  below: 

Quantity  Recurring  Spares  = Maintenance  Demand  Rate  (MDR) 

x Quantity  Per  Aircraft 
x Total  Fleet  Flying  Hours 
x Condemnation  Factor 

Cost  Recurring  Spares  = Quantity  x Unit  Cost 

The  OSE  costs  have  not  been  calculated  since  there  is  no  special  opera- 
tional support  equipment  required  specifically  for  this  landing  gear  system 
beyond  the  OSE  normally  supplied  for  maintenance  of  the  aircraft. 

The  Personnel  Cost  is  given  by  the  equation  below: 

Personnel  Cost  = Maintenance  Demand  Rate  (MDR) 

x Quantity  per  Aircraft 
x Total  Fleet  Flying  Hours 
x Cost/Productive  Man-Hours 
x Maintenance  Task  Time 

where  cost  per  productive  manhours  inc.udes  efficiency,  personnel 
types  and  training  of  maintenance  airmen. 
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The  Support  Cost  for  the  component  parts  of  the  baseline  landing  gear  is 
shown  in  table  XX. 

3 • 2 . 12  Safety 

A safety  hazard  is  caused  by  the  high  stress  corrosion  rate  of  the  base- 
line landing  gear  high  strength  steel  components,  and  this  is  a contributing 
factor  to  the  operational  costs.  Traditionally,  only  those  costs  due  to 
scheduled  and  corrective  maintenance  have  been  analyzed,  but  a safety  analysis 
has  also  been  made  on  the  landing  gear  to  assess  the  cost  due  to  stress 
corrosion  related  accidents  predicted  to  occur  over  a 10  year  operational  period. 

Cata  received  from  Norton  Air  Force  Base  on  landing  gear  accidents  has 
neen  e'.aluated  and  the  following  results  and  conclusions  drawn: 

(1)  Accidents  can  be  divided  into  three  types: 

Minor 

Major 

Catastrophic 

1 2)  A probaoility  of  occurrence  can  be  assigned  for  each  type 
of  accident.  This  probability  can  be  related  to  flight 
hours  to  derive  an  accident  occurrence  rate  (AOR). 

(.3)  A cost  in  percent  of  total  aircraft  cost  was  calculated  for 
each  type  of  acc’dent. 

(k)  An  overall  relationship  between  catastrophic  aircraft  losses 
from  gear  only  and  total  aircraft  losses  exists.  This  was 
modified  for  those  gear  related  losses  which  occurred 
because  of  stress  corrsion. 

The  following  equation  was  used  to  calculate  accident  costs: 

3 

Cost  = 2 AOR  x TFFH  x POTC  x TAC 

x x 

x= 1 

where  AOR  = Accident  Occu-ance  Rate 

TFFH  - Total  Fleet  Flying  Hours 
POTC  - Percent  of  Total  Aircraft  Cost 
TAC  = Total  Aircraft  Cost 
X | 2 3 = 3 Types  of  Accidents 
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TABLE  XX 

BASELINE  SUPPORT  COSTS 
10  YEAR  LIFE  SPAN 

(All  costs  are  in  thousands  of  1977  dollars) 


j wuc 

TOTAL 

PERSONNEL 

j NO.  NOMENCLATURE 

SPARES 

ON  A/C 

OFF  A/C 

Tire  - (13CDA9C) 

4,412.  A 

1 

422.  4 

1 

192.0 

Brake  Stack  Assy  (13EAC) 

235-2 

44. S 

19.8 

Brake  Actuator  Assy  (13E0E) 

156.9 

59-9 

41.9 

Strut  Hydraulic  Act  ( 1 3 C B L ) 

32-3 

13.2 

i 

i 8.6 

1 

MLG  Cylinder  ( 1 3BAA9A) 

864.6 

22.3 

| 6.7 

Wheel  Assembly  (13COA9::) 

56.0 

13-4 

2.8 

Up/Oown  Lock  Assy  (13BAC1,  2) 

45.2 

22.3 

6.3 

Torque  Link  Upper  (I3BAQI) 

3.9 

1 .0 

0.4 

Torque  Link  Lower  C 1 3 B A Q.2 ) 

8.9 

1.0 

0.4 

MLG  Piston  (13BAA9B) 

224.6 

1.9 

0.2 

Anti-Skid  Detector  ( 1 3 GC B ) 

16.3 

0.4 

. 

-0- 

• 

Axle  (13BAA9C) 

Preventative  Maintenance 

89.7 



1.6 

2,753.2 

0.2 

r 

Subtota 1 s 

ww 

3,397-5 

,LJ  ' r 1 1 A 

279.3  ! 

Personnel  Cost 

3.676 

■1 i 

Total  Support  Cost 


9,327.3 


The  predicted  cost  of  corrosion  related  accidents  over  a 10  year  period 
is  $18,105,000.  This  is  due  to  minor  accidents  costing  $510,000,  major 
accidents  costing  $11,220,000  and  catastrophic  accidents  costing  $6,375,000. 

3.2.13  L i fe  Cyc  le  Cos  t 

Life  cycle  cost  is  the  sum  of  development,  production  support  costs  and 
accident  costs.  It  includes  the  cost  of  designing,  testing,  fabrication  and 
operating  the  landing  gear  over  the  1C  year  life  span  of  the  air  vehicle. 

Development  or  implementation  costs  include  Engineering,  Preproduct ion 
and  Tooling  Costs.  Section  3-2.8  details  these  costs  which  total  $1,505,370. 

Production  costs  include  both  recurring  and  nonrecurring  costs  for  fabri- 
cation of  500  units.  The  previous  section  on  Production  Cost  describes  the 
methodology  and  table  XIV  presents  the  results.  The  total  is  $**1,139,37^  and 
the  cumulative  shipset  cost  average  at  500  shipsets  is  $82,279- 

The  support  cost  includes  the  cost  of  spares,  operational  support  equip- 
ment and  personnel  required  to  operate  the  landing  gear  over  a '0  year  life 
span.  The  previous  Maintainability  section  describes  the  methodology  and 
table  XX  lists  the  support  costs.  The  total  is  $9,827,800. 

The  accident  costs  are  given  in  the  previous  section  and  total  Sl8, 105,000. 

The  total  Life  Cycle  Cost  is  S?0, 577,000  for 
life  span.  See  table  XXI. 


the  500  units  over  a 10  year 


TABLE  XXI 


ATS  BASELINE  LIFE  CYCLE  COSTS 
(All  costs  in  thousands  1977  dollars) 
Development  Cost  (Nonrecurring) 


Eng i neer i ng 

393 

Two  (2)  Prototype  Sets 

3 78 

Tooling  - Preproduct  ion 

150 

Test 

534 

Subtotal 

Production  Cost 

Production  Tooling  (non recurr i ng) 

590 

5C0  Production  Units  (recurring) 

40,549 

Subtota 1 

Support  Cost 

Spares 

6.  151 

Personne 1 

3.677 

OSE 

-0- 

Subtota 1 

Accident  Cost 

GRAND  TOTAL 

1,505 


41,139 


9,828 

18,105 

70,577 
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SECTION  IV 


DESIGN  STUDIES 


4.  1 PHASE  1 DESIGN  STUDIES 

Design  studies  made  for  Phase  1 of  this  program  were  to  determine  the 
feasibility  of  using  composite  material  for  the  B-l  nose  landing  gear.  These 
studies  were  made  in  three  section,  each  having  different  constraints. 

There  were: 

1.  Substitution  - Constrained  by  form,  fit  and  function. 

2.  Modified  - Constrained  by  fit  and  function. 

3.  Redesigned  - Constrained  by  function  only. 

The  studies  showed  that  while  some  composite  parts  could  be  weight  and 
cost  effective  under  all  three  sections,  the  more  design  freedom  allowed,  the 
greater  the  gains  from  the  use  of  composite  material.  These  studies  are  pre- 
sented in  Appendix  A,  the  Phase  I Report. 

4. 2 PHASE  II  CONCEPTUAL  DESIGN  STUDIES 

Design  studies  made  for  Phase  II  of  this  program  were  structured  to 
determine  the  advantages  of  using  advanced  concepts  and  materials  for  a main 
landing  gear  on  the  ATS,  an  advanced  fighter  aircraft.  An  advancea  design 
configuration  of  this  aircraft,  see  figure  5.  has  been  used  as  the  baseline, 
and  since  it  is  in  this  early  stage  of  design,  only  the  "function"  general 
constraint  has  been  used.  Conceptual  designs  using  three  material  systems  for 
tne  main  landing  gear  have  been  made.  These  are: 

I.  Organic  Advanced  Composite  System, 
i 2.  Metal  Matrix  Composite  System,  and 

3.  Advanced  Metallic  System 

The  landing  gear  on  this  configuration  is  a conventional  tricycle  gear, 
having  a nose  wheel  and  two  main  wheels.  The  main  landing  gear  struts  are 
mounted  in  the  nacelles,  and  are  stowed  in  the  island  between  the  two  engine 
air  inlet  ducts.  The  location  of  the  main  gear  wheels  on  the  static  ground 
plane,  to  retain  balance  for  landing  performance,  is  the  major  constraint  to 

I a main  gear  redesign.  The  location  of  the  wing  structural  box,  relative  to 

the  wheel  location  described  above,  constrains  both  the  landing  gear  con- 
figuration and  nacelle  structure.  Configuration  of  the  nacelle  may  be  revised 
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to  accommodate  different  main  landing  gear  systems.  However,  the  shape  of 
the  nacelle  near  the  weapons  bay  is  constrained  by  the  weapon  ejection  angle. 
The  size  of  the  engine  air  inlet  ducsts  must  be  maintained,  but  the  shape  can 
be  varied  to  allow  changes  in  the  center  island  wheel  well  area.  See  figure 
7 for  nacelle  sketch. 

4.2.1  Organic  Advanced  Composites  System 

Studies  in  this  section  of  the  program  were  made  to  investigate  landing 
gear  configurations  which  could  exploit  the  strength  and  stiffness  character- 
istics of  organic  advanced  composites.  Intermediate  strength  graphite/epoxy 
composite  material  was  selected  on  the  basis  that  it  provides  a good  balance 
between  strength  and  cost.  A section  on  composite  material  selection  is 
presented  in  Appendix  A,  the  "Phase  I Report." 

A number  of  conceptual  designs  have  been  studied.  They  fall  into  two 
groups;  one  using  "leaf  spring"  concepts  in  which  the  composite  material  is 
used  to  absorb  the  landing  impact  energy  by  beam  deflection,  and  the  other  a 
"conventional  landing  gear"  concept  which  uses  an  air-oil  shock  strut  to 
absorb  the  energy.  Four  concepts  were  studied  and  are  discussed  and  evaluated 
below. 

The  leaf  spring  concepts  use  a series  of  flat  composite  plates  bonded  to 
resilient  material  between  them.  The  composite  spring  plates  will  deflect 
under  load  to  absorb  the  kinetic  energy  of  the  landing  and  the  hysteresis 
property  of  the  resilient  material  between  the  leaves  will  reduce  the  high 
energy  return  (reflex  action)  of  the  leaf  spring  landing  gear.  Since  the 
energy  absorption  efficiency  of  this  type  of  system  is  much  lower  than  a 
hydraulic  shock  strut,  the  wheel  displacement  during  landing  impact  will  be 
much  greater  on  the  leaf  spring  concepts. 

This  concept  was  studied  for  the  B-l  nose  gear  in  Phase  I of  this  pro- 
gram (see  Appendix  A)  and  while  it  was  not  considered  a viable  system  for  use 
on  the  large  B-l  bomber,  it  was  felt  that  it  might  prove  suitable  for  the 
landing  gear  on  a smaller  airplane  such  as  the  ATS  fighter. 

4. 2.1.  I Cantilever  "Leaf  Spring"  Concept.  This  concept  is  shown  in  figure  15 
and  consists  of  a five  foot  cantilever  beam  with  the  support  trunnions 
located  forward  in  the  nacelle  near  the  duct  inlet.  A hydraulic  cylinder  is 
used  to  extend  and  retract  the  cantilever  gear  and  to  lock  it  into  both 
positions.  The  wheel  is  mounted  in  a fork  in  the  lower  end  of  the  cantilever 
beam. 

Vertical  and  drag  landing  loads  are  resisted  by  the  cantilever  beam  and 
reacted  at  the  forward  trunnion  and  the  locking  device.  Side  loads  on  the 
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wheel  create  side  bending  and  very  undesirable  torsion  on  the  cantilever  leaf 
spring  beam. 


The  size  of  the  beam  shown  in 
calculation  which  assumed  that  the 
homogenous  and  that  local  buckling 
overwrap  or  mechanical  fasteners, 
the  size  of  the  beam. 


figure  15  is  the  result  of  a rough  sizing 
beam  was  solid  Gr/Ep,  that  the  material  was 
of  the  fibers  is  controlled  by  a retaining 
More  realistic  assumptions  would  increase 


The  large  forward  end  of  '"*e  cantilever  beam  would  require  major  revi- 
sions to  the  duct  and  nacel’  nes  to  provide  stowage  space  for  it.  The 

ducts  would  have  to  be  reshapcu  and  the  splitter  widened.  This  would  require 
that  the  duct  inlet  be  moved  forward  to  provide  acceptable  inlet  ramp  angles 
and  duct  lines.  The  nacelle  would  have  to  be  widened  and,  since  the  weapon 
fall  line  limits  the  inboard  location,  the  nacelle  and  engine  would  have  to 
be  relocated  outboard  on  the  wing. 


Location  of  the  trunnion  in  the  forward  nacelle  results  in  all  landing 
loads  being  applied  to  structure  which  would  have  to  be  resized  since,  in 
the  baseline  concept,  this  area  is  lightly  loaded. 


4.2. 1.2  Dual  Beam  "Leaf  Spring"  Concept.  Figure  16  shows  this  dual  beam  con- 
figuration in  which  the  forward  end  of  the  lower  beam  is  mounted  in  a trunnion 
and  the  forward  end  of  the  upper  beam  is  fastened  to  a retracting  link  which 
is  moved  by  the  actuator  cylinder  to  extend  or  retract  the  gear.  The  lower 
end  of  each  beam  is  a fork  which  is  fastened  to  the  axle  of  the  wheel.  Both 
beams  are  bent  in  the  unloaded  condition  and  the  landing  loads  then  result  in 
axial  loads  which  straighten  the  lower  beam  while  increasing  the  bend  in  the 
upper  beam.  Side  loads  on  the  wheel  create  side  bending  and  torsion  in  both 
beams.  This  configuration,  with  both  the  trunnion  and  the  retracting  link 
forward  in  the  nacelle,  will  require  major  duct  and  nacelle  revisions  similar 
to  those  required  for  the  cantilever  concept. 


4. 2. 1.3  Center  Support  Beam  "Leaf  Spring"  Concept.  Shown  in  figure  17  is  a 

"leaf  spring"  beam  with  a center  down  lock  support.  The  forward  end  of  the 

beam  is  fastened  to  the  trunnion  which  is  located  near  the  forward  end  of 
the  nacelle.  The  wheel  is  fastened  to  the  fork  at  the  aft  end  of  the  beam. 
The  center  support  is  a down  lock  which  has  a "ladder"  configuration.  The 
actuation  cylinder  will  hold  the  down  lock  "on  center"  when  the  gear  is  in 

the  extended  position.  Side  load  on  the  wheel  creates  side  bending  and 

vertical  differential  bending  in  the  fork  arms  of  the  beam  and  is  reacted  by 
the  "ladder"  down  lock  which  eliminates  the  torsion  loading  from  the  upper 
section  of  the  beam.  The  major  landing  loads  are  carried  by  the  down  lock 
center  beam  support  to  the  upper  nacelle  adjacent  to  the  wing  forward  spar, 
however,  the  beam  trunnion  still  introduces  landing  loads  into  the  forward 
nace 1 I e area  . 
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Leaf  Spring 
Section  3 x 12 
Gr/Ep  (0° o + 1*5°) 


Figure  17.  Semi -Cant i lever  "Leaf  Spring"  Concept 


The  beam  size  shown  in  figure  17  is  the  result  of  a rough  sizing  calcu- 
lation similar  to  that  made  for  the  cantilever  beam.  It  indicates  that  this 
version  also  would  require  major  changes  to  the  duct  and  nacelle  lines  and 
structural  sizing,  similar  to  that  for  the  cantilever  beam  concept. 

*4.2.1.14  Organic  Composite  Conventional  Landing  Gear  Concept.  This  design 
uses  a semi  can t i I evered  shock  strut  having  a configuration  similar  to  the 
baseline  landing  gear.  The  strut  uses  an  air-oil  shock  absorption  svstem  to 
absorb  the  energy  of  landing,  and  to  support  the  airplane  weight.  This  strut 
has  trunnions  low  on  the  body  of  the  strut  and  a latch  on  top  which  allows 
the  strut  to  react  all  loads  without  the  need  for  drag  braces. 

Vertical  loads  are  reacted  by  trunnions  which  are  fastened  to  the  side 
walls  of  the  duct.  Drag  loads  and  moments  are  reacted  by  the  trunnions  and 
the  upper  latch.  Side  loads  and  moments  are  reacted  by  the  trunnions. 

Torsion  loads  between  the  fork  (piston)  and  strut  body  are  reacted  by  two 
torque  links.  The  lower  torque  link  is  mounted  between  lugs  on  the  axle 
socket  of  the  fork  and  the  upper  torque  link  is  fastened  to  the  strut  body 
by  the  trunnion  pin. 

The  composite  strut  is  housed  within  the  island  between  the  air  intake 
ducts  of  the  nacelle.  This  is  similar  to  the  baseline  installation  except 
that,  since  the  composite  strut  and  fork  must  be  larger,  the  island  must  be 
widened  to  accommodate  the  gear.  The  outer  diameter  of  the  composite  strut 
is  9.80  inches  compared  to  the  baseline  struts  outer  diameter  of  5-85  inches. 
The  island  has  been  widened  to  21  inches  maximum  from  the  18  inch  maximum 
width  of  the  baseline. 

In  order  to  avoid  increasing  the  overall  width  of  the  nacelle,  the  shape 
of  the  duct  has  been  revised  to  retain  the  required  duct  area  while  narrowing 
the  duct.  The  lower  contour  of  the  nacelle  has  been  revised  from  a rounded 
to  a squared-off  shape.  This  allows  the  height  of  the  duct  section  to  be 
increased  by  extending  it  down  into  the  lower  corners  of  the  nacelle.  The 
location  of  the  inboard  lower  corner  of  the  nacelle  was  constrained  by  the 
weapon  system  ejection  line,  see  figure  18.  These  changes  will  increase 
both  the  frontal  area  and  the  weight  of  the  air  vehicle. 

4. 2. 1.5  Organic  Advanced  Composite  Concept  Evaluation.  The  three  leaf  spring 
concepts  all  have  the  same  major  installation  problem  in  that  the  duct  and 
nacelle  lines  and  the  forward  nacelle  structure  sizing  would  require  major 
revisions  to  accommodate  any  of  these  concepts.  This  is  caused  by  the  require- 
ment that  the  extended  wheel  location  be  fixed,  relative  to  the  aircraft  C.G., 
and  that  a long  beam  is  required  to  provide  the  large  wheel  displacement 
necessary  to  absorb  the  landing  impact  energy  with  this  system. 
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Plan  View 


With  a given  load  and  beam  material,  the  beam  deflection  ana  the  rate 
of  displacement  is  a function  of  the  size  of  the  beam.  The  length  has  been 
kept  large  so  that  the  gross  section  width  can  be  minimized  and  allowable 
stress  levels  maintained.  The  beam  sizes  required  for  any  of  the  concepts 
were  very  large  and  could  not  be  installed  without  the  nacelle  revisions 
previously  mentioned.  These  large  beams  would  also  be  very  heavy.  An 
extensive  development  program  would  be  required  to  provide  data  on  the  energy 
absorption  qualities  of  a layered  beam  using  composite  material  interleaved 
with  resilient  material.  The  characteristics  of  the  resilient  material  and 
its  ability  to  absorb  energy  due  to  hysteresis  effect  must  be  defined.  Effect 
on  the  performance  of  the  beam  due  to  methods  of  fastening  the  leaves  together, 
whether  by  adhesive,  fasteners  or  over  wrap,  must  be  determined.  After  develop 
ment  of  the  materials,  methods  and  design,  manufacturing  procedures  for  fabri- 
cation of  the  layered  leaf  spring  beam  must  be  developed. 

From  the  above  discussion,  it  has  been  concluded  that,  at  this  time,  the 
leaf  spring  configuration  would  not  be  a viable  landing  gear  concept. 

The  conventional  landing  gear  concept  uses  the  more  efficient  hydraulic 
shock  strut  to  absorb  the  landing  impact  loads.  The  changes  to  the  ducts  and 
nacelle,  to  provide  the  extra  three  inches  width  in  the  duct  splitter  necessary 
to  stow  the  strut,  would  be  moderate,  compared  to  that  required  for  the  leaf 
spri ng  concept . 

Table  XX i I summarizes  the  comparison  between  the  leaf  spring  concepts  and 
the  conventional  landing  gear  concepts.  The  conventional  landing  gear  concept 
has  been  selected  as  the  best  Organic  Advanced  Composite  concept,  and  will  be 
used  in  the  evaluation  against  the  best  Metallic  Matrix  Composite  concept  and 
the  best  Advanced  Metallic  concept. 

4.2.2  Metal  Matrix  Composite  System 

Metal  matrix  composites  offer  numerous  advantageous  material  character- 
istics for  use  in  highly  loaded  components  of  a landing  gear.  They  include 
high  intrinsic  strength,  and  high  specific  strength  and  moduli.  In  addition, 
it  is  a tailorable  composite  material  which  may  be  fabricated  into  parts 
having  specific  strength  and  stiffness  to  resist  bi-axial  or  tri-axial  loads 
and  thus  use  minimum  material  thickness  to  save  weight.  The  material  is 
highly  stable,  has  desirable  high  temperature  properties,  and  in  some  appli- 
cations, has  the  potential  for  reduced  fabrication  costs. 

The  metal  matrix  composite  system  most  closely  approaching  a state-of- 
the-art  technology  is  boron/aluminum  (B/Al).  This  composite  consists  of 
boron  filaments  diffusion  bonded  into  an  aluminum  matrix.  To  date,  more 
material  and  design  data  has  been  generated  in  support  of  this  material 
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system  than  any  other  metal  matrix  composite.  Application  programs  for  design 
analysis,  fabrication  process  development,  and  hardware  development  of  air- 
frame and  engine  application  have  been  conducted. 

Major  component  fabrication  programs  such  as  the  B-I  boron/aluminum  wing 
root-rib  web  have  demonstrated  that  metal  matrix  composites  may  be  substituted 
for  high  strength  alloys  (i.e.,  titanium)  with  appreciable  weight  and  cost 
savings  (33  percent  and  1*5  percent  respectively). 

The  boron/aluminum  material  system  has  been  selected  as  the  metal  matrix 
composite  to  be  used  in  this  study.  There  are  three  primary  methods  of 
fabrication  used  in  boron/aluminum  production.  The  first  is  "green  tape" 
which  is  boron  fibers  attached  to  a green  disposable  carrier  paper  by 
acrylic  binders.  This  material,  when  laminated  with  aluminum  foil  plies,  may 
be  consolidated  by  diffusion  bonding  at  high  temperature  and  pressure,  while 
maintaining  a vacuum  environment  on  the  part  to  extract  the  acrylic  binder  as 
it  gassifies.  The  improper  "out  gassing"  of  this  material  entraps  the  acrylic 
binder  between  fiber  and  matrix  and  is  probably  the  single  largest  cause  of 
improper  material  consolidation  and  lower  material  properties. 

The  second  method  of  B/Al  fabrication  is  through  the  stacking  and 
diffusion  bonding  of  "plasma  sprayed"  sheets  or  tape.  Parts  made  using  this 
method  would  be  more  costly  due  to  the  difficulty  and  expense  cf  the  plasma 
spray  process. 

The  third  method,  and  probably  the  method  of  least  technical  risk, 
though  not  the  least  costly,  is  the  consolidation  by  diffusion  bonding  of 
stacked  "monolayers."  Monolayers  are  single  laminate  plies,  produced  as  a 
tape  which  are  generally  diffusion  bonded  to  75  to  80  percent  consolidation. 

It  is  this  intermediate  diffusion  bonding  step  which  inhibits  the  cost 
savings  qotential  of  this  material,  but  which  greatly  reduces  the  risk  of 
processing  to  the  finished  product. 

Boron/aluminum  composite  material,  correctly  processed  by  any  of  the 
three  methods,  will  result  in  material  having  very  similar  properties. 

However,  the  plasma  sprayed  tapes  have  the  least  attractive  material  pro- 
perties of  the  three. 

Some  typical  properties  of  boron/aluminum  are: 

Density  • .093  pounds  per  cubic  inch 

Ultimate  Tensile  Strength  - 230^000  pounds  per  square  inch 
Modulus  of  Elasticity  - 3^  x 10  pounds  per  square  inch 
Specific  Strength  * 2.5  x 10^  inches 
Specific  Modulus  * 3-7  x 10^  inches 
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A nore  complete  summary  of  properties  for  boron/aluminum  may  be  found  in 
AFML-TR-72-232. 

A review  of  the  three  processes  indicates  that  the  monolayer  process, 
on  the  basis  of  lower  technical  risk,  should  be  selected  as  the  fabrication 
method  for  this  study. 

Diffusion  bonding  to  effect  materia!  consolidation  is  the  major  feature 
of  all  three  processes.  This  in  turn  makes  tooling  feasibility  the  design 
driver  in  applying  metal-matrix  composites  to  the  landing  gearorother  com- 
plex airframe  systems. 

Conceptual  designs  using  a number  of  different  configurations  have  been 
studied  to  determine  which  may  be  best  integrated  into  the  airframe  and  most 
ad van tageous 1 y use  boron/aluminum  components.  Five  concepts  have  been  studied 
(A  through  E),  and  will  be  discussed  and  evaluated  below. 

A. 2. 2.1  Boron/Aluminum  Concepts  A and  B.  Two  versions  of  a folding  drag  link 
configuration  as  shown  in  figure  19.  Concept  A uses  dual  wheels  and  Concept 
B a single  wheel.  Both  concepts  use  an  aft  canted  air-oil  shock  strut  with  a 
forward  folding  arag  brace.  Retraction  from  the  extended  position  for  both 
concepts  requires  folding  of  the  drag  links  and  rotation  of  the  shock  strut 
and  wheel  up  and  forward. 

In  Concept  A the  dual  wheels  are  mounted  on  an  axle  that  is  supported 
by  the  lower  drag  link  which  is  fastened  to  the  piston  of  the  shock  strut. 

The  single  wheel  in  Concept  B is  supported  by  two  forks,  one  on  the  lower 
drag  link  and  one  on  the  strut  piston. 

The  wheel  well  width  requirements  for  the  dual  wheels  is  32  inches,  a 
IA  inch  increase  over  the  baseline.  The  duct  splitter  and  nacelle  could 
not  be  widened  that  much  without  lengthening  the  nacelle  and  relocating  the 
nacelle  and  engines  outboard  on  the  wing.  This  would  result  in  too  great  a 
penalty  to  the  aircraft  for  Concept  A to  be  considered  a viable  configuration. 

Using  a single  wheel,  Concept  B requires  only  a five-inch  increase  in 
./heel  width  over  the  baseline.  However,  the  location  of  the  stowed  wheel 
forward  in  the  duct  results  in  an  unacceptable  distortion  of  the  baseline 
duct  lines.  The  nacelle  would  have  to  be  lengthened  to  make  the  duct  inlet 
•es  acceptable.  The  forward  location  of  the  drag  brace  trunnions  result 
ng  icads  being  introducted  into  the  forward  nacelle  area  structure 
.00 1 d '•equire  resizing  to  react  these  loads. 

* Aluminum  Concept  C.  Conceot  C is  shown  in  figure  20,  and 

4 a r-o  I snock  absorber  mounted  on  two  retracting  links  with  a 


66 


iii  rj 


CK  *=fTEl>T 

'/a  scale 


HI 

COMPBEsstoH  STATIC 


(W--  8.00 — — 
ttc-|  SXTEuOfcO-j 


forward  nonfolding  drag  link.  This  gear  is  retracted  by  rotating  links  up 
and  forward  which  pulls  the  strut  up  and  rotates  the  drag  link  up  into  the 
s towed  pos i t ion . 

Vertical  landing  loads  would  be  reacted  by  the  strut  into  the  retracting 
arms  and  the  upper  trunnions.  Drag  loads  would  be  reacted  by  the  arag  strut 
and  the  forward  trunnions.  The  side  loads  on  the  wheel  will  induce  side 
bending  and  torsion  into  the  drag  brace  and  bending  in  the  shock  strut.  The 
retracting  links  will  be  subjected  to  axial  loads  only. 

Both  the  drag  link  and  the  piston  of  the  shock  strut  have  double  forks 
supporting  the  wheel.  The  shock  strut  is  supported  low  on  the  cylinder  by 
the  retracting  links  which  are  tubular  struts  fastened  to  the  main  trunnions. 
The  cylinder  and  piston  of  the  strut  would  be  B/Al,  but  the  fork  section  would 
be  titanium.  The  drag  strut  and  the  retracting  links  would  be  B/Al,  diffusion 
bonded  to  titanium  end  fittings. 

The  main  trunnions  are  located  high  in  the  wheel  well  directly  under  the 
front  spar  of  the  structural  wing  box.  This  results  in  a very  short  and 
direct  load  path  for  the  major  landing  loads.  However,  the  location  of  the 
drag  brace  and  forward  trunnion  in  the  nacelle  would  require  resizing  of  the 
structure  in  the  forward  nacelle  to  react  the  drag  and  side  landing  loads. 

The  width  of  the  wheel  well  must  be  increased  six  incnes  over  the  baseline  to 
provide  for  this  concept.  Revision  of  both  duct  and  nacelle  lines  would  be 
required  to  meet  the  duct  sizing  requirements. 

A. 2 . 2. 3 Boron/Aluminum  Concept  D.  A "trailing  arm"  configuration,  Concept  0, 
is  shown  in  figure  21.  The  wheel  is  mounted  in  a double  fork  on  the  trailing 
arm,  which  is  supported  by  the  forward  trunnions  and  the  shock  strut  near  the 
center  of  the  beam.  This  concept  has  the  air-oil  shock  strut  supported  by 
two  retracting  links,  and  operation  is  similar  to  Concept  C. 

Vertical  and  drag  loads  induce  bending  into  the  trailing  beam  and  are 
reacted  at  the  forward  trunnions  and  the  shock  strut  mount.  Side  load  on 
the  wheel  results  in  side  bending  and  torsion  on  the  trailing  beam  and 
bending  in  the  shock  strut.  Axial  loads  in  the  retracting  links  result  from 
the  landing  loads  and  bending  in  the  strut. 

Parts  proposed  to  be  made  from  boron/aluminum  are  the  cylinder  and  piston 
of  the  shock  strut,  the  beams  of  the  drag  brace,  and  the  retracting  links. 

The  caps  and  end  fittings  will  be  titanium,  and  the  shock  strut  mount  fitting 
on  the  beam  would  be  machined  aluminum. 


This  conf i gura t i on  reacts  major  landing  loads  at  the  front  trunnions 
from  the  trailing  beam,  as  well  as  at  the  aft  trunnions  from  the  shock  strut. 
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Thus,  while  the  aft  trunnion  is  very  well  placed  to  react  loads  directly  into 
the  forward  spar  of  the  wing  structural  box,  the  forward  trunnion  is  located 
forward  in  the  nacelle  where  the  structure  must  be  resized  to  accommodate  the 
major  landing  loads  introduced  by  the  forward  end  of  the  trailing  bean. 
Increased  room  in  the  wheel  well  must  be  provided  for  this  concept.  The  duct 
splitter  must  be  widened  six  inches  over  the  baseline.  Line  changes  to  main- 
tain duct  area  while  reducing  the  width  of  the  duct,  and  nacelle  changes  to 
accommodate  the  duct,  would  be  required. 

4. 2. 2. 4 Boron  Aluminum  Concept  E.  Figure  22  shows  Concept  E,  a conventional 
landing  gear  configuration  which  has  a cantilevered  air-oil  shock  strut  which 
is  the  main  structural  member  as  well  as  the  energy  absorbing  device.  This 
conf i gurat i on  is  similar  to  the  baseline  configuration  which  was  described  in 
Section  III.  The  strut  mounts  on  trunnions,  low  on  the  strut,  and  locks  into 
the  extended  and  retracted  position  by  use  of  a latch  on  top  of  the  strut. 

4 single  fork  supports  the  axle  and  wheel  which  simplifies  anti-skid  sensor 
installation  and  removal  of  wheels  and  tires.  Vertical  loads  are  transferred 
from  the  strut  to  the  trunnions.  The  drag  loads  are  resisted  by  the  strut 
trunnions  and  the  upper  latch.  Side  loads  are  reacted  by  the  trunnions. 

The  shock  strut,*shown  in  figure  23,  is  an  air-oil  type  and  parts  pro- 
posed as  B/AI  include  the  strut  cylinder,  orifice  and  support  tube,  the 
piston  and  the  metering  pin  base  plate.  The  torque  links  are  also  proposed 
as  B/AI.  Titanium  end  fittings  would  be  diffusion  bonded  to  the  ends  of  both 
the  B/AI  strut  cylinder  and  the  piston.  The  upper  strut  cap  and  the  lower 
trunnion  lug  fittings  would  be  machined  titanium.  The  fork  is  proposed  as  a 
powdered  metalurgy  hot  isostatic  pressed  titanium  casting  which  would  be 
electron  beam  welded  to  the  titanium  end  fitting  on  the  B/AI  piston. 

The  trunnions  are  located  below  and  just  forward  of  the  structural  wing 
box,  similar  to  the  baseline  configuration,  with  the  advantage  of  the  short 
load  path.  The  stowage  area  in  the  duct  splitter  would  have  to  be  slightly 
widened  to  19  inches  from  the  18  inch  baseline  dimension. 

4. 2. 2. 5 Metal  Matrix  Composite  Concept  Evaluation.  Concept  A is  not  con- 
sidered a viable  configuration  since  the  width  requirements  would  force 
unacceptable  changes  to  the  air  vehicle.  Concepts  A,  B,  C,  and  D kinematics 
are  good  in  that  the  wheel  motion  after  landing  impact  is  advantageous  for 
absorbing  spinup  loads  and  reducing  spring  back  loads.  These  concepts  have 
a larger  number  of  major  parts  than  Concept  E,  the  conventional  type  landing 
gear.  Concept  D is  estimated  to  be  the  heaviest  concept  due  to  the  long 
trailing  beam  loaded  in  bending.  Concept  E,  with  fewer  parts,  is  estimated 
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The  forward  trunnion  locations  on  Concepts  B,  C,  and  0 require  resizing 
nacelle  structure  in  that  area,  while  Concept  E has  the  trunnion  in  the  same 
location  as  the  baseline  concept.  Both  Concept  C and  0 require  the  duct 
splitter  to  be  widened  by  six  inches  over  the  baseline,  while  Concept  E 
requires  only  one  inch  extra.  Duct  and  nacelle  changes  will  increase  both 
the  frontal  area  of  the  aircraft,  and  its  weight.  These  changes  also  increase 
cost,  so  Concept  E is  estimated  to  be  the  lowest  cost  configuration. 

Fabrication  of  the  components  on  any  of  the  configurations  will  be  very 
difficult  and  would  require  an  extensive  manufacturing  and  tooling  process 
development  program  prior  to  fabrication  of  any  parts. 

From  the  evaluation  given  above  and  summarized  in  table  XXI II,  Concept  E, 
the  conventional  landing  gear  configuration,  has  been  selected  as  the  best 
configuration  for  the  metal  matrix  composite,  and  will  be  used  in  the  evalua- 
tion against  the  best  organic  composite  concept  and  the  best  advanced  metallic 
concept . 

k.2 .3  Advanced  Metallic  System 


Superplastic  formed  and  diffusion  bonded"  (SPF/DB)  titanium  has  been 
selected  as  the  advanced  metallic  system  to  be  investigated  in  this  study. 
This  material  has  an  outstanding  s t rength-to-dens I ty  ratio  and  resistance  to 
corrosion.  The  SPF/DB  process  will  be  used  to  fabricate  complex  landing  gear 
parts  at  lower  costs. 

The  basis  for  the  SPF/DB  process  is  the  superplasticity  and  diffusion 
bonding  properties  of  titanium. 

Superplasticity  in  titanium  is  a phenomenon  in  which  very  large  tensile 
elongations  may  be  realized  because  local  thinning  (necking)  does  not  occur 
under  the  proper  conditions  of  temperature  and  strain  rate.  Diffusion  bond- 
ing is  the  joining  of  titanium  under  pressure  at  elevated  temperature  without 
melting  or  use  of  bonding  agents.  Fortunately,  through  a natural  occurrence, 
superplastic  forming  and  diffusion  bonding  of  titanium  can  be  accomplished 
under  identical  parametric  conditions.  This  allows  the  superplastic  forming 
and  diffusion  bonding  of  titanium  to  take  place  concurrently  within  the  die 
cavity.  Many  structural  forms  are  possible,  including  sandwich  structures 
made  by  expanding  face  sheets  and  core  against  die  forms.  The  classic 
difficulties  normally  associated  with  fabricating  sandwich  structures,  such 
as  parts  fit-up,  close  tolerances,  adhesive  or  braze  alloy  strength,  do  r.ot 
exist  with  this  technique.  Examples  of  parts  made  using  this  SPF/DB  process 
are  shown  in  figure  2k. 
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EVALUATION  - METALLIC  MATRIX  COMPOSITE  CONCEPTS 


CONCEPT 

KINEMATICS 

MAJOR  PARTS 

FAB- 

RICATION 

WEIGHT 

NACELLE 

STRUCTURE 

REVISIONS 

COST 

ESTIMATE 

A 

Superior 

Fwd  Drag  Links  (2) 
Aft  Drag  Link 

Lock 

Pi ston 

Cy  1 i nder 

Difficult 

1 

Heavy 

Very 

Extens i ve 

Not  a 

Viable 

Concept 

B 

1 

1 

1 

Superior 

1 

1 

Fwd  Drag  Link 

Aft  Drag  Link 

Lock 

P i ston-Fork 

Cy I i nder 

Di f f icult 

1 

Heavy 

! 

Extens i ve 

■ 

C 

Superior 

1 

Drag  Link 

P i ston 

Cy 1 inder 

Retracting  Links (2) 
Lock 

Difficult 

Heavy 

! 

1 

Major 

Hi  gh 

0 

Supe  ri  or 

Trai 1 i ng  Beam 

Piston 

Cy 1 i nder 

Retracting  Li nks(2) 
Lock 

Difficult 

Heav i est 

I 

I 

1 

i 

1 

Major 

Hi  gh 

E 

Adequate 

Pi ston-Fork 

Cy  1 i nder 

Torque  Links(2) 

Lock 

Di f f i cul t 

Lightest 

i—  ■ — 

M i nor 

Lowest 
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SPF/DB  TITANIUM  EXPANDED  SANDWICH  HARDWARE 
Figure  24. 
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Three  different  landing  gear  configurations  were  studied  to  determine 
which  one  could  most  efficiently  use  component  parts  fabricated  from  SPF/OB 
titanium.  Studies  were  a "trailing  arm"  concept,  a "four  bar  linkage"  con- 
cept and  a "conventional  landing  gear"  concept.  Each  of  these  concepts  has 
advantages  and  disadvantages  and  require  different  types  of  component  parts. 
Each  concept  will  be  discussed  separately  and  then  subjectively  evaluated 
to  determine  which  advanced  metallic  concept  is  best  and  should  be  selected 
for  comparison  to  the  best  of  the  organic  advanced  composite  and  metal  matrix 
composite  concepts. 

4 . 2 . 3 • I Trailing  Arm  Concept.  A titanium  landing  gear  using  a trailing 
arm  configuration  is  shown  in  figure  25-  The  wheel  is  mountea  in  a double 
fork  at  the  aft  end  of  a beam  which  is  supported  by  trunnions  at  the  forward 
end  and  the  shock  absorber  near  the  center  of  the  beam.  The  shock  absorber 
is  fastened  to  the  upper  link  and  two  lock  links,  which  prov;de  the  retraction 
and  locking  mechanism  for  this  concept.  The  lock  links  provide  over-center 
locking  in  both  the  extended  and  retracted  positions.  A fairing  or  partial 
wheel  well  door  has  been  incorporated  into  the  trailing  beam. 

The  kinematics  of  this  system  result  in  a wheel  motion,  at  impact,  that 
is  advantageous  for  absorbing  spinup  loads  and  would  reduce  spring  back 
loads.  This  system  would  not  have  the  advantage  of  emergency  unpowered  free 
fall  to  a locked  extended  position.  The  double  fork  holding  the  wheel  will 
require  a special  anti-skid  sensor  installation  and  will  make  wheel  and  tire 
removal  more  complicated. 

Vertical  and  fore  and  aft  loads  result  in  bending  of  the  trailing  beam 
and  are  reacted  at  the  forward  trunnion  and  the  shock  absorber.  The  side 
loads  result  in  side  bending  and  torsion  in  the  trailing  beam  and  are  reacted 
at  the  forward  trunnions  only.  The  lock  links  are  lightly  loaded  since  they 
onlv  serve  to  hold  the  upper  link  and  the  shock  absorber  "on-center".  The 
upper  link  is  highly  loaded  in  compression  since  it  must  react  the  full  shock 
absorber  landing  impact  loads.  The  trailing  beam,  .the  upper  link  and  the 
lock  links  will  all  be  fabricated  from  titanium  using  the  SPF/DB  process. 

The  shock  absorbers  used  in  compression  in  this  configuration  is  a "Liquid 
Spring,"  which  is  smaller  and  lighter  than  the  air-oil  type.  The  "Liquid 
Spring"  is  a very  high  pressure  cylinder  which  absorbs  energy  by  metering 
oil  through  an  orifice,  and  for  a spring,  compresses  a closed  volume  of  special 
oil  rather  than  using  the  air  "spring"  which  is  used  in  the  air-oil  shock 
absorber.  The  "Liquid  Spring"  cylinder  will  be  machined  from  300M  steel. 

This  configuration,  using  a double  fork  to  hold  the  wheel,  will  require 
a wider  wheel  well  which  would  widen  the  air  intake  duct  splitter  approxi- 
mately 3 inches  and  require  revising  both  duct  and  nacelle  lines  to  retain 
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the  necessary  duct  area.  Trunnions  at  the  forward  end  of  the  trailing  beam 
introduce  major  landing  loads  into  the  forward  duct  and  nacelle  structure, 
which  will  require  that  the  baseline  structure  be  resized  to  react  the  loads. 

k.2.3-2  Fou  Bar  Linkage  Concept.  This  titanium  concept  is  shown  in  figure 
26,  and  consists  of  a vertical  beam  with  a double  fork  at  the  lower  end  which 
supports  the  wheel,  a drag  brace  lower  link  and  an  upper  link  which,  with  the 
nacelle  structure,  makes  up  the  four  bar  linkage.  The  shock  absorber  is 
fastened  to  the  upper  end  of  the  vertical  fork  and  to  a lock  link  which  is 
a 1 1 ached  to  the  lower  trunnion. 

The  wheel  and  fork  motion  during  the  shock  absorbing  stroke  is  nearly 
vertical,  similar  to  the  baseline.  The  rotation  of  the  upper  link  and  the 
lower  drag  link  control  the  motion  of  the  fork,  and  the  shock  absorber  pro- 
vides the  energy  absorption  to  limit  the  travel  of  the  fork  during  landing 
impact.  This  landing  gear  also  will  not  "free  fall"  into  extended  position  in 
an  emergency,  and  the  double  fork  has  the  d i sadvantages  of  requiring  a 
special  anti-skid  sensor  installation  and  a more  complex  wheel  and  tire 
removal  operation. 

Vertical  and  fore  and  aft  loads  result  in  column  and  bending  loads  in 
the  vertical  fork  and  axial  loads  in  the  upper  and  lower  links,  which  are 
reacted  by  both  the  upper  and  lower  trunnions.  The  side  loads  result  in 
side  bending  on  the  vertical  fork  and  both  the  upper  and  lower  links  and  are 
reacted  at  both  the  upper  and  lower  trunnions.  In  the  extended  position, 
the  lock  link  is  latched  into  an  over  center  position  with  the  shock  absorber 
so  that  they  can  react  axial  loads  in  both  directions  from  the  shock  absorber 
landing  impact  and  rebound  loads. 

The  vertical  fork,  both  the  upper  and  lower  links  and  the  lock  link, 
will  be  fabricated  from  titanium  using  the  SPF/DB  process.  Examples  of 
SPF/DB  design  for  the  vertical  fork  and  the  drag  link  are  shown  in  figures 
27  and  28.  The  shock  absorber  in  this  concept  is  also  a "liquid  spring," 
but  it  is  a balanced  cylinder  design  and  its  major  load  is  tension  due  to 
the  movement  of  the  vertical  fork  during  landing  impact.  This  "liquid 
spring"  cylinder  will  also  be  machined  from  300M  steel. 

The  air  intake  duct  splitter  would  also  have  to  be  widened  3 inches  for 
this  configuration,  since  the  double  fork  size  will  be  similar  to  the  trail- 
ing arm  fork.  Both  upper  and  lower  trunnions  in  this  configuration  are 
located  under  the  structural  wing  box  so  that  the  load  paths  are  short  and 
the  landing  loads  are  not  introduced  into  forward  nacelle  structure. 

k.2-3-3  Conventional  Landing  Gear  Concept.  m onceptua!  study  of  a conven- 
tional landing  gear  using  titanium  with  the  shoe*  strut  as  the  main  structural 
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Figure  26.  Four  Bar  Linkage  Concept  (SPF/DB  Titanium) 


gure  27. 


member,  as  well  as  the  energy  absorption  device,  is  shown  in  figure  29.  This 
landing  gear  is  quite  similar  to  the  baseline  landing  gear  which  was  cescribed 
in  Section  III.  The  shock  strut  is  mounted  on  trunnions,  low  on  the  strut, 
and  locked  into  both  extended  and  retracted  positions  by  a latching  device  on 
top  of  the  strut.  It  has  a single  fork  holding  the  axle  and  wheel  which 
simplifies  installation  of  the  anti-skid  sensor  and  removal  of  wheel  and  tires. 

Vertical  loads  and  side  loads  are  reacted  by  the  trunnions  and  drag  loads 
by  the  trunnions  and  the  upper  latch.  Torsional  loads  between  the  strut  and 
the  fork  are  reacted  by  the  torque  links. 

The  shock  strut  will  be  made  from  SPF/DB  titanium  and  will  be  an  aii — oil 
type  in  which  energy  is  absorbed  by  metering  the  oil  through  an  orifice.  The 
fork  and  wheels  will  also  be  SPF/DB  titanium  parts.  The  size  of  the  titanium 
single  fork  and  shock  strut  requires  an  increased  width  of  wheel  well  to  stow 
the  landing  gear.  The  width  of  the  air  intake  duct  splitter  has  been  widened 
to  19  inches  to  provide  the  additional  wheel  well  space.  The  trunnions  are 
located  under  and  just  forward  of  the  front  spar  of  the  wing  box,  thus  retain- 
ing the  short  load  path  of  the  baseline  design. 

A. 2. 3. A Advanced  Metallic  Concept  Evaluation.  Since  each  of  the  SPF/DB 
titanium  concepts  studied  in  this  section  would  make  a viable  landing  gear 
system  for  the  ATS  airplane,  a subjective  evaluation  was  made  to  determine 
the  best  concept. 

Kinematics  of  the  trailing  arm  concept  during  landing  are  superior  to 
the  other  two  concepts  in  that  the  wheel  motion  is  advantageous  for  absorbing 
spinup  loads  and  spring  back  loads  would  be  reduced.  The  conventional  landing 
gear  concept  has  the  fewest  number  of  major  parts,  while  the  four  bar  linkage 
concept  has  the  most  parts.  The  conventional  landing  gear  concept  is 
estimated  to  be  lightest  and  the  trailing  beam  concept  the  neaviest,  due  to 
the  long  beam  highly  loaded  in  bending.  The  liquid  spring  type  shock  struts 
used  in  the  trailing  arm  and  the  four  bar  linkage  concepts  have  the  advantage 
of  being  smaller  and  lighter  than  the  air-oil  type  of  shock  strut,  but  the 
static  height  of  the  gear  will  vary  widely  with  the  changes  in  the  temperature 
of  the  special  silicone  oil  used  as  strut  fluid.  The  very  high  pressure  used 
in  these  units  require  super  finishes  and  special  sealing  which  increases  the 
cost. 


Both  the  trailing  arm  and  the  four  bar  linkage  concepts  use  two  pair 
of  highly  loaded  trunnions  mounted  on  the  structure,  while  the  conventional 
landing  gear  concept  has  only  one  pair  of  trunnions  and  a drag  load  latch 
mount.  The  forward  trunnion  on  the  trailing  arm  concept  would  require 
resizing  structure  in  the  forward  nacelle,  while  both  other  concepts  have  the 
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trunnions  under  the  structural  wing  box.  The  width  of  the  air  intake  duct 
splitter  must  be  increased  three  inches  to  accommodate  either  the  trailing 
arm  or  the  four  bar  linkage  concepts,  but  only  one  inch  for  the  conventional 
landing  gear  concept.  The  revised  width  results  in  duct  and  nacelle  changes 
which  will  increase  both  aircraft  frontal  area  and  weight. 

Cons i derat  ion  of  both  the  concept  and  the  duct  ana  nacelle  revisions 
necessary  to  install  the  trailing  arm  conceot  indicate  that  it  would  be  most 
expensive,  while  the  conventional  landing  gear  concept  should  be  least 
ex  pens  i ve  . 

The  evaluation  above  has  been  summarized  in  table  XXIV,  and  indicates 
that  for  the  advanced  metallic  concept,  the  conventional  landing  gear  con- 
figuration is  best  and  should  be  used  in  the  evaluation  against  the  best 
organic  composite  concept  and  the  best  metallic  matrix  concept. 

4.2.4  Conceptual  Design  Studies  Evaluation 

Design  studies  have  been  made  of  a number  of  concepts  in  each  of  the 
three  material  systems:  Organic  Advanced  Composite,  Metal  Matrix  Composite 
ahd  Advanced  Metallic.  Evaluations  have  been  made  within  each  of  the  sections 
to  determine  the  best  con  f i gu  ra't  i on  for  the  particular  materia!  system.  The 
purpose  of  this  section  is  to  make  a subjective  evaluation  of  the  best  con- 
cept of  each  material  system  to  determine  which  of  the  concepts  is  marginal 
and  should  be  eliminated,  and  which  are  considered  viable  and  should  be 
carried  to  the  preliminary  design  stage  so  that  cost  and  weight  comparisons 
can  be  made. 

A review  of  the  concepts  selected  in  each  of  the  three  material  systems 
reveals  that  the  baseline  configuration,  using  a strut  as  both  the  main 
structural  member  and  the  energy  absorbing  device,  was  evaluated  as  best  in 
each  case.  All  concepts,  then  equally  meet  the  "function"  constraints;  that 
is,  each  will  fulfill  the  landing  gear  requirements  for  the  ATS  air  vehicle. 
Manufacturing  processes  for  fabrication  of  the  component  parts  using  the 
three  material  systems  are  not  at  the  same  state-of-the-art  level.  Evaluation 
indicates  that  both  Organic  Advanced  Composites  and  Advanced  Metallics  are 
closer  to  a state-of-the-art  process  than  Metal  Matrix  Composites. 

There  have  been  a number  of  Air  Force  programs  devoted  to  develor  ng 
organic  composite  landing  gear  components.  A number  of  components  have  been 
developed  for  th»  A-37  airplane.  These  programs  and  other  related  efforts 
have  shown  that  -.omposite  landing  gear  components  are  practical. 
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The  Advanced  Metallic  material  system  using  SPF/DB  titanium  has  been 
proven  to  have  both  cost  and  weight  saving  advantages.  The  design  advantages 
and  manufacturing  feasibility  of  this  technology  has  been  established  by  a 
number  of  Rockwell  IRSD  programs  and  Air  Force  and  NASA  contracts. 

An  extensive  literature  survey  has  been  made  to  discover  other  metal 
matrix  applications  and  to  see  how  the  tooling  and  production  complexities  of 
metal  matrix  composite  fabrication  have  been  solved.  It  is  fairly  evident 
that  with  the  exception  of  engine  blades  and  thin  walled  tube  structure, 
little  or  no  fabrication  experience  with  complex  metal  matrix  parts  exists. 

The  major  structural  components  to  be  made  from  boron/aluminum  in  this 
program  are  the  strut  cylinder  and  the  piston.  These  parts  are  heavy  walled 
cylinders  subjected  to  axial,  bending  and  internal  pressure  loads.  Cross 
plied  lamiate  orientations  must  be  used  to  give  multi-axial  load  carrying 
capab i I i ty . 

While  tube  structures  of  boron/aluminum  have  been  successfully  fabricated 
in  production  for  space  shuttle  strut  applications,  these  tubes  were  thin 
walled  structures,  relatively  lightly  axially  loaded.  These  tubes  were  made 
using  unidirectional  (0°  orientation)  tape  with  relatively  few  plies  thickness 
and  only  l.k  inches  in  diameter.  The  tubes  required  for  the  strut  and  piston 
for  this  concept  must  be  laid  up  with  cross  ply  orientations  of  +_  45°  and  90° 
as  well  as  the  0^  axial  orientation  to  accommodate  the  multi-axial  stress 
state.  They  must  be  up  to  108  plies  thick  and  9-2  inches  outside  diameter. 

This  then  produces  a very  high  risk  produci b i 1 i ty  problem.  While  the 
same  tooling  concept  of  sacrificial  tooling  appears  attractive  for  thick  wall 
tube  fabrication,  several  major  processing  problems  become  apparent.  First, 
the  thick  wall  thermal  coefficient  of  expansion  problem  must  be  solved. 

Through  trial  and  error  this  tolerance  could  be  provided  for  in  the  outer 
hard  tool.  The  second  problem,  however,  is  not  as  easily  overcome.  When  the 
inner  expandable  tooling  mandrel  expands  from  internal  pressure,  it  forces 
the  radial  and  cff-axis  oriented  fibers  to  effectively  "stretch"  to  meet  the 
outer  larger  radius  as  the  matrix  becomes  molten  and  consolidation  takes  place. 
This  would  produce  parts  with  one,  possibly  two,  intrinsic  characteristics 
which  would  be  very  undesirable  from  a designers  standpoint. 

If  the  fibers  could  "stretch"  radially,  this  would  either  cause  a pre- 
load on  the  fiber,  cause  fiber  breakage  or  yield  fiber  separation  as  the 
mylar  pattern  ply  is  forced  to  wrap  over  a larger  diameter  than  it  was  fabri- 
cated for. 

More  realistically,  assuming  these  high  strength  fibers  do  not  stretch 
to  provide  the  radial  displacement  required  for  consolidation,  the  matrix 
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would  effectively  move  through  fibers  towards  the  outer  diameter  as  the  inner 
tool  expands.  This  would  yield  very  high  fiber  volume  fractions  on  the  inner 
surface  and  moderate  to  low  on  the  outer.  A mix  of  properties  through  the 
thickness  of  the  part  would  result,  and  since  this  would  not  correlate  with 
an  established  data  base  of  material  properties,  a further  risk  factor  is 
introduced  which  must  be  considered  in  this  evaluation. 

It  may  therefore  be  concluded  that  boron/aluminum  fabrication,  whi le 
possibly  the  best  character i zed  of  the  Metal  Matrix  composite  systems,  is 
not  a state-of-the-art  technology.  A substantial  amount  of  manufacturing 
process  and  tooling  development  will  be  required  before  it  may  be  considered 
so. 

Due  to  the  very  high  produc i b i 1 i ty  risk  involved  in  the  fabrication  of 
complex  Metal  Matrix  component  parts,  it  is  concluded  that  this  material  is, 
at  the  present  time,  marginal,  and  should  be  excluded  from  further  design 
effort  in  this  program.  The  two  material  systems  selected  for  preliminary 
design  studies  and  analysis  are  the  Organic  Advanced  Composite  System  and 
the  Advanced  Metallic  System.  Table  XXV  summarizes  the  comparison  between 
the  three  material  systems. 

4.3  PHASE  II  PRELIMINARY  DESIGN  STUDIES 

The  conceptual  designs  of  the  organic  composite  and  the  advanced  metallic 
material  systems  which  were  described  and  selected  earlier  in  this  section, 
have  been  refined  to  a preliminary  design  stage  from  which  a cost  and  weight 
analysis  will  be  made. 

4. 3-1  Organic  Composite  Preliminary  Design 

The  conventional  landing  gear  configuration  was  selected  as  the  best 
organic  composite  conceptual  design  earlier  in  this  section.  A preliminary 
design,  figure  30,  has  been  made  using  this  concept.  This  configuration 
uses  the  shock  strut  as  the  main  structural  member  similar  to  the  baseline 
design.  The  parts  of  this  design  to  be  fabricated  from  organic  composite 
material  (Gr/Ep)  will  be  the  shock  strut  cylinder,  trunnion  support,  orifice 
support  tube,  piston/fork,  inner  piston  shell,  upper  and  lower  torque  links 
and  the  whee 1 . 

To  facilitate  the  preliminary  design  and  analysis  of  these  multi-axial 
loaded  members,  the  composite  laminate  used  was  (0^  +45’)  orientation.  In 
a final  design  the  orientations  would  be  further  optimized  for  "layup"  fabri- 
cation or  changed  to  facilitate  "filament  winding"  operations,  but  for  the 
scope  of  this  study,  satisfactory  weight  and  cost  estimates  can  be  obtained 
by  using  (0^  + 45°)  laminate. 
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This  notation  (0°  + 45°)  denotes  a five  layer  laminate  having  a top  axial 
ply  (0°),  a 1*5°  (to  axial)  ply,  a center  axial  ply,  a 45°  ply  (90°  to  other  45° 
ply)  and  a bottom  axial  ply.  Multiples  of  two  laminates  are  used  to  achieve 
the  required  thickness. 


4. 3-1-1  Shock  Strut  Cylinder.  The  shock  strut  cylinder  is  a pressure  vessel 
which  is  also  subjected  to  both  axial  and  bending  loads.  The  loads  are 
reacted  at  the  trunnion  and  at  the  upper  latch.  The  trunnion  support  is 
separate  and  is  adhesive  bonded  to  the  strut.  The  latch  is  mechanically 
fastened  to  the  strut  by  the  threaded  upper  end  cap.  The  shock  strut  will 
be  9-8  inches  outside  diameter  compared  to  5-8  inches  for  the  baseline 
metallic  landing  gear.  This  was  done  to  increase  the  cross  section  of  the 
composite  cylinder  to  compensate  for  the  decreased  properties  of  the  com- 
posite when  compared  to  the  high  strength  steel  of  the  baseline  design. 


The  strut  cylinder  will  be  fabricated  by  filament  winding  on  a metal 
mandrel  which  will  make  two  parts  at  once.  The  upper  necked  end  with  the 
titanium  insert  will  be  fastened  to  each  end  of  the  mandrel.  After  cure  the 
two  strut  cylinders  will  be  cut  apart  at  the  thicker,  interleaved,  lower  end 
ring  at  the  center  of  the  mandrel.  The  inside  of  the  cylinder,  which  /as 
cured  against  the  ground  finish  of  the  mandrel,  will  not  need  to  be  machined. 
The  outer  surface,  however,  will  have  to  be  machined  to  provide  an  accurate 
surface  for  bonding  to  the  trunnion  support  cone  and  to  the  titanium  wear 
col  1 a r . See  figure  31. 


4.3- 1.2  Trunnion  Support.  The  trunnion  support  is  a cone  shaped  composite 
part  which  is  bonded  to  the  lower  end  of  the  shock  strut  and  provides  support 
for  the  trunnion  pin,  the  upper  torque  link  and  the  mounting  pin  for  the  strut 
extend/retract  actuator.  This  support  configuration  was  selected  because  it 
more  efficiently  uses  the  excellent  two  dimensional  properties  of  composites 
than  lug  type  designs. 


Two  trunnion  supports  will  be  filament  wound  at  once  on  a metal  mandrel. 
The  larger  end  of  each  part  will  be  in  the  center  of  the  mandrel.  The 
trunnion  pin  area  of  the  part  will  be  reinforced  by  a laminated  Gr/Ep  insert. 
This  insert  will  be  separately  laid  up  and  cured  in  a matched  metal  mold  to 
final  dimensions.  The  inner  trunnion  support  cone  will  be  filament  wound 
onto  the  mandrel,  the  two  inserts  will  be  placed  in  position  and  the  outer 
trunnion  support  cone  filament  wound  over  the  inner  cone  and  inserts.  After 
cure,  the  two  trunnion  support  cones  will  be  cut  apart  and  removed  from  the 
mandrel.  The  trunnion  support  will  be  machined  on  the  inside  only  in  the 
area  to  be  bonded  to  the  strut  cylinder.  See  figure  32. 

The  titanium  wear  collar  will  be  adhesive  bonded  to  the  lower  end  ring 
of  the  cylinder  and  then  the  trunnion  support  cone  will  be  positioned  and 
adhesive  bonded  to  the  strut  cylinder.  Separately  cured  Gr/Ep  bulkheads  will 
be  adhesive  bonded  to  both  strut  cylinder  and  trunnion  support  cone.  The 
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FABRICATION- FILAMENT  WIND -TWO  PARTS 


Figure  31.  Strut  Cylinder  Filament  Winding  Tooling 


holes  will  then  be  drilled  in  the  trunnion  support  cone  and  the  cylindrical 
bushings  adhesive  bonded  in  place. 

*4. 3-1-3  Orifice  Support  Tube.  The  orifice  support  tube  is  a cylinder  which 
carries  the  axial  loads  from  the  orifice  to  the  upper  fitting  on  the  strut 
cylinder.  This  load  is  the  landing  shock,  load  which  results  from  the  pressure 
caused  by  the  metering  of  the  hydraulic  fluid  between  the  orifice  plate  and 
the  metering  pin  to  absorb  the  impact  energy. 

This  tube  will  be  f i 1 ament  wound  on  a two  piece  mandrel  which  will 
disassemble  for  removal  of  the  cured  cylinder.  Reinforcement  bands  of  90° 

(c i rcumfe rent i a 1 ) plies  are  wound  on  each  end  to  resist  the  "brooming"  of 
the  cylinder  due  to  radial  pressure  from  the  conical  shape  of  the  fitting. 

The  tube  is  adhesive  bonded  and  then  blind  riveted  to  the  metal  end  fittings. 

b . 3 • 1 • *4  P i s tor./Fork . The  piston/fork  is  a structural  member  which  fits 
into  the  strut  cylinder  and  is  subjected  to  pressure  loads  in  the  upper  piston 
end  and  ax  i a I and  bending  loads  over  the  entire  length  from  the  piston  upper 
end  to  the  fork  lower  end.  The  wheel  and  axle  is  mounted  in  the  fitting  at 
the  end  of  the  fork.  The  loads  applied  by  the  axle  are  resisted  by  the  upper 
and  lower  bearings  in  the  strut  cylinder  and  the  hydraulic  pressure  acting 
against  the  inner  piston  shell.  The  piston/fork  assembly  consists  of  three 
parts;  the  piston/fork,  the  inner  piston  shell  and  the  axle  support  fitting. 

The  p i s ton/fork  w i 1 1 be  filament  wound  on  an  inflated  mandrel  which  is 
a body  of  revolution.  Additional  90°  re i nforcement  plies  will  be  added  to 
the  fork  end.  After  winding,  the  wet  part  will  be  placed  in  a mold  and  the 
wet  windings  post-formed  to  the  offset  fork  configuration  and  cured.  The 
part  will  be  removed  from  the  mold  and  the  inflated  mandrel  collapsed  and 
removed  from  the  piston/fork.  See  figure  33- 

Machining,  both  inside  and  outside  on  the  piston  end  will  be  required. 

The  outside  of  the  lower  piston  body  must  be  finished  to  close  tolerance 
since  it  must  seal  against  the  strut  lower  bearing.  The  upper  end  of  the 
piston  must  be  machined  to  match  the  upper  bearing.  The  inside  surface  must 
be  machined  to  match  the  inner  piston  shell  for  a good  adhesive  bond  joint. 

The  fork  end  must  also  be  machined  to  match  the  axle  fitting  for  bonding. 

A. 3- 1.5  I nner  P i s ton  She  1 I . The  inner  piston  shell  is  the  pressure  vessel 
component  of  the  piston/fork  assembly.  The  dome  end  of  the  inner  piston 
shell  is  subjected  to  the  maximum  hydraulic  pressure  generated  between  the 
orifice  and  the  metering  pin.  These  loads  are  resisted  by  the  side  walls 
of  the  inner  piston  shell  and  transferred  to  the  piston/fork  side  wall  through 
the  adhesive  bond. 
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Two  inner  piston  shells  will  be  fabricated  at  once  by  filament  winding  on 
a metal  mandrel.  A metering  pin  support  fitting  will  be  fastened  to  each  end 
of  the  mandrel  and  wound  into  the  inner  piston  shell.  After  cure,  the  two 
inner  piston  shells  w i 1 1 be  cut  apart  and  removed  from  the  mandrel.  The 
outer  surface  will  be  machined  to  match  the  piston/fork  for  bending. 

4. 3-  1.6  Piston/Fork  Assembly.  The  inner  piston  shell  is  bonded  inside  the 
piston  and  the  inside  surface  machined  to  provide  a true  cylindrical  surface 
wh:ch  is  parallel  to  the  outer  surface  of  the  piston.  The  upper  bearing/snubber 
valve  is  pinned  to  the  upper  end  of  the  piston. 

The  axle  support  fitting  is  a machined  steel  part  which  supports  the 
axle  and  wheel  and  reacts  the  landing  loads  into  the  fork.  In  addition,  this 
fitting  incorporates  lugs  which  support  the  lower_torque  link.  This  avoids 
having  to  fasten  lugs  to  the  composite  piston/fork.  This  fitting  is  extended 
up  to  the  fork  to  provide  the  stationary  mount  for  the  disk  brake. 

Tooling  will  be  used  to  locate  and  hold  the  axle  support  fitting  for 
bonding  to  the  fork.  Blind  rivets  will  also  be  used  to  fasten  the  fitting  to 
the  fork.  This  completes  the  piston/fork  assembly. 

4.3-  I -7  Torque  Links.  There  are  two  torque  links  which  are  hinged  together 
at  the  apex  and  fastened  at  the  base,  to  the  strut  cylinder  and  the  piston/ 

Fork.  They  resist  the  torsional  loads  on  the  gear  while  allowing  the  vertical 
notion  of  the  fork. 

The  configuration  of  this  system,  while  similar  to  the  baseline,  differs 
in  that  the  links  are  longer  to  allow  mounting  that  is  more  compatible  with 
the  composite  piston/fork.  The  top  link  is  mounted  on  the  trunnion  pin  in 
the  strut  trunnion  support.  The  lower  link  is  fastened  to  the  fork  metal 
axie  support  fittings.  Thus,  no  lugs  are  required  to  be  fastened  to  the  com- 
posite strur  or  fork. 

Both  the  upper  and  lower  torque  links  are  filament  wound  and  made  two 
at  a time  on  metal  mandrels.  The  apex  titanium  fittings  are  fastened  to  each 
end  of  the  mandrel  and  wound  into  the  torque  links.  The  links  are  reinforced 
at  the  base  by  interleaves  which  will  be  wound  into  the  torque  link  body. 

After  curing  the  links  will  be  cut  apart  at  the  link  base,  at  the  center  of 
the  mandrel,  and  removed.  The  links  are  machined  at  the  base  and  drilled  for 
the  base  mounting  holes.  The  cylindrical  bushings  are  adhesive  bonded  into 
the  torque  link  base  holes. 

4. 3. 1.8  Wheel . The  wheel  is  a mechanical  assembly  of  metallic  and  Gr/Ep 
composite  laminated  components.  The  metallic  components  include  the  forged 
aluminum  rims,  the  steel  bearing  liners,  the  bearings  and  the  steel  false 
axle.  The  components  made  from  Gr/Ep  are  the  ..heel  disk  and  the  wheel  cone 
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which  includes  the  hubs  and  the  rim  bolting  rings.  This  wheel  configuration, 
using  a "cantilever"  tire,  provides  room  for  a larger  diameter  and  more 
efficient  brake  stack.  This  requires  that  the  brake  key  support  be  simi- 
canti  levered  from  the  wheel  rim.  Aluminum  has  been  selected  as  the  rim 
material.  With  ventilation  holes  between  each  brake  key,  it  will  dissipate 
heat  setter  and  provide  a simpler  installation  for  the  brake  keys. 

The  aluminum  rim  will  also  provide  for  a flat  tire  runout  and  while  this 
is  not  a wheel  specification  requirement  for  single  wheel  assemblies,  the 
MIL-A-8862  specification  for  multi-wheel  assemblies,  specifies  flat  tire 
loadings.  Therefore,  it  appears  appropriate  that  a more  viable  metal  rim  be 
used  in  this  des i gn . 

The  wheel  disk  and  the  wheel  cone  components  are  Gr/Ep  composite  lamina- 
tions cut  into  pie  shaped  segments  and  laid  up  with  staggered  butt  joints  on 
a metal  mold.  Interleaved  reinforcements  are  added  to  both  the  hub  and  the 
rim  bolting  ring  area.  In  addition,  on  the  wheel  cone  the  hub  is  reinforced 
with  90°  circumferential  overwraping.  After  curing,  both  parts  are  machined 
on  the  rim  flange  mating  surfaces  and  on  the  hub  inner  surface  for  the  searing 
liners.  The  steel  bearing  liners  are  then  adhesive  bonded  in  place.  The 
aluminum  rims  are  made  from  2014-T6  aluminum  forgings.  Both  rims  must  be 
machined  on;  the  bead  seat,  the  mating  and  seal  surfaces,  the  bolting  flanges, 
and  the  brake  key  seat  surfaces. 

Assembly  of  the  wheel -and  tire  consists  of  mounting  the  tire  on  the 
inboard  and  outboard  rims,  positioning  the  inner  wheel  cone  and  the  outer 
wheel  disk  to  sandwich  the  rim  flanges  and  installing  the  wheel  assembly 
bolts.  The  bearings  and  the  false  axle  are  then  installed.  This  completes 
the  wheel  as semb 1 y which  may  be  a c comp lished  in  the  shop  to  avoid  installing 
bearings  on  the  flight  line. 

4.3.2  Advanced  Metallic  System  Preliminary  Design 

A preliminary  design,  figure  34,  of  the  conventional  landing  gear  con- 
figuration, using  SPF/DB  titanium,  has  been  made  from  conceptual  designs 
studied  previously  in  this  section.  This  configuration  uses  the  shock  strut 
as  the  main  structural  member  similar  to  the  baseline  design.  Parts  con- 
sidered for  SPF/DB  titanium  fabrication  included  the  fork,  the  strut  cylinder, 
the  torque  links  and  the  wheel. 

4.3.2. 1 Fork.  The  single  fork,  which  supports  the  axle  and  wheel,  is  a part 
of  the  piston/fork  assembly.  It  is  fabricated  using  the  SPF/D8  process  and 
then  welded  to  the  lower  end  of  the  piston. 
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The  fork  will  consist  of  two  side  plates,  two  axle  housing  fittings  and 
two  torque  link  lug  fittings.  The  plates  will  be  bent  and  placed  into  the 
die  with  the  fittings  located  by  die  cavities,  see  figure  35.  Die  and  parts 
are  then  heated  and  pressure  introduced  between  the  fork  side  plates  to  bulge 
them  into  the  die  cavity  and  against  the  fittings  so  that  all  parts  become 
diffusion  bonded.  After  removal  from  the  die,  the  part  is  then  machined  to 
final  shape  and  welded  to  the  piston. 

A. 3.2.2  Strut  Cy 1 i nder . The  strut  cylinder  is  a pressure  vessel  and,  in 
additon,  has  both  ax i a 1 and  bending  loads  acting  on  it.  The  cylinder  has  been 
designed  as  a truss  core  sandwich  structure  to  provide  a more  efficient  section 
for  axial  and  bending  loads. 

It  will  be  fabricated  using  the  SPF/DB  process  to  form  the  sandwich 
structure  and  to  join  it  to  the  trunnion  lugs  fitting  and  the  cylinder  end 
reinforcements.  The  inner,  outer,  and  core  sheets  of  the  truss  core  are 
trimmed  to  size  and  coated  with  "stop-off"  compound  to  control  what  areas 
will  be  diffusion  bonded.  These  sheets  are  then  placed  on  the  cylindrical 
mandrel  with  the  cylinder  end  reinforcements.  The  trunnion  fitting  is  located 
in  the  lower  die  cavity  and  the  mandrel,  with  all  the  other  parts  in  place, 
is  positioned  in  the  lower  die  and  the  upper  die  secured  in  place. 

The  die  and  parts  are  brought  up  to  temperature  and  pressure  is  intro- 
duced on  the  outside  of  the  sheets  on  the  mandrel  to  bond  all  parts  together 
per  the  "stop.-off"  pattern.  After  bonding  Is  completed,  the  pressure  is 
diverted  to  the  area  between  the  inner  and  outer  sandwich  sheets  which  will 
cause  the  outer  sheet  to  stretch  up  into  the  larger  cylindrical  ca/ity  of  the 
die,  and  to  pull  the  center  core  sheet  into  the  truss  core  configuration. 

After  removal  from  the  die  the  cylinder  and  the  trunnion  fitting  are  machined 
to  final  dimensions.  See  figure  36. 

4. 3-2. 3 Torque  Links.  The  torque  links  were  designed  as  SPF/DB  titanium 
parts,  but  preliminary  evaluation  revealed  that  these  parts  were  not  cost 
effective  against  aluminum  parts  similar  to  the  baseline  torque  links. 

4. 3. 2. 4 Wheel.  The  wheel  consists  of  two  halves  which  are  assembled  with 
the  tire  and  held  together  by  bolts  just  under  the  rim.  Each  wheel  half 
consists  of  the  wheel  disk,  half  of  the  wheel  hub,  the  sealing  ring  and  half 
of  the  rim.  Both  wheel  halves  will  be  made  from  titanium  using  the  SPF/DB 
fabrication  process  concurrently  to  form  the  wheel  disk  and  diffusion  bond 
it  to  both  the  hub  and  the  sealing  ring. 

The  wheel  disk  consists  of  three  sheets,  an  inner  and  outer  disk  and  a 
ring  which  is  the  rim  reinforcement.  These  parts  are  placed  on  the  lower 
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Figure  36.  Strut  Cylinder  - SPF/DB  Tooling 


die  over  the  die  cavity  which  has  the  hub  and  the  wheel  sealing  ring  positioned 
in  it,  see  figure  37-  The  flat  upper  die  is  then  secured  in  place.  The  die 
and  parts  are  heated  and  pressure  is  applied  to  the  under  side  of  the  disks  to 
bond  the  sheets  together  against  the  flat  upper  die.  After  bonding,  the  pre- 
sure  is  diverted  to  the  upper  side  of  the  disk  and  it  is  forced  down  into  the 
die  cavity  where  the  disk  is  formed  into  the  radial  beads  configuration  of  the 
die  and  diffusion  bonds  to  the  hub  and  sealing  ring.  After  removal  from  the 
die  the  excess  material  beyond  the  rim  is  machined  off  and  the  hub  and  sealing 
ring  machined  to  final  dimensions. 

Each  wheel  half  is  completed  by  positioning  the  bearings  in  the  hub  and 
adding  the  retaining  device.  The  tire  is  then  mounted  on  tne  rims  and  the 
wheel  disks  fastened  together  using  the  wheel  assembly  oolts. 


Figure  3 /•  Wheel  - SPF/DB  .Tooling 


SECTION  V 


ANALYSIS  AND  EVALUATION 


5.1  PHASE  I - ANALYSIS  AND  EVALUATION 


Design  concepts  studied  in  Phase  1 were  evaluated  to  select  the  parts 
considered  best  in  the  three  sections;  Substitution,  Modified  and  Redesigned, 
as  described  previously  in  Section  IV  Design  Studies,  and  presented  in  detail 
in  Appendix  A,  the  Phase  I report. 

5.2  PHASE  II  - ANALYSIS  AND  EVALUATION 


The  preliminary  design  drawings  of  the  Organic  Advanced  Composite  and 
the  Advanced  Metallic  systems,  prepared  in  Section  IV  Design  Studies  for 
Phase  II,  have  been  analyzed  and  evaluated  to  provide  data  for  weight  and 
cost  comparisons  with  the  Baseline  System.  Analysis  and  evaluations  made 
were:  Structural  Analysis,  P roduci b i I i ty  Evaluation,  Installation  Evaluation, 

Weight,  Development  Cost,  Production  Cost,  Reliability,  Accident  and  Mainten- 
ance Cost  Analyses.  The  results  will  be  used  to  generate  the  Life  Cycle 
Costs  i n Sec t i on  VI. 

5.2.1  Structural  Analysis 

5. 2. 1.1  External  Loads.  The  external  loads  for  both  the  Organic  Advanced 
Composite  concept  and  the  Advanced  Metallic  concept  are  assumed  to  be  the 
same  as  those  for  the  baseline  gear  (300M  steel  configuration),  refer  to 
the  Baseline  (Section  III)  text. 

5-2. 1.2  Component  Loads.  The  component  loads  (reactions  and  moments)  were 
obtained  by  the  same  procedures  discussed  in  the  Baseline  section  text. 

Since  a review  of  the  critical  margins  of  safety  for  the  300M  steel  baseline 
gear  concept  indicated  that  three  conditions  (2,  4,  and  8)  determined  the 
design,  only  these  conditions  were  investigated  for  both  the  Organic  Advanced 
Composite  and  the  Advanced  Metallic  concepts  which  have  similar  geometric 
conf i gurati ons . 

5.2. 1.3  Ana  lysis.  Both  the  Organic  Advanced  Composite  concept  and  the 
Advanced  Metallic  concept  were  analyzed  using  standard  methods  to  determine 
working  stress  levels  at  various  critical  sections  of  the  components  and  com- 
bined loading  margins  of  safety  were  determined  for  all  components  based  on 
the  material  properties  listed  in  table  XXVI  for  the  graphite/epoxy  material, 
and  in  Table  XXVII  for  the  titanium  material. 
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TABLE  XXVI 


I 

i 


ROOM  TEMPERATURE  MATERIAL  PROPERTIES 
1980  GRAPHITE/EPOXY 


UNIDIRECTIONAL  (t  = 0 . 00525"/p 1 y ) 


Ftu 

X 

- 

230  Ksi 

^ = 

21 

Ftu 

y 

- 

9 Ksi 

Ey  = 

1 

cCU 

X 

= 

230  Ksi 

Gxy  = 

0 

peu 

y 

= 

25  Ksi 

Vyx  = 

0 

Fsu 

xy 

* 

83  Ksi 

VXy  = 

0 

[03/ +4  5 ] c 

LAMINATE 

ptu 

X 

s 

142  KSI 

Ex  = 

13 

ptu 

y 

s 

27  Ksi 

Ey  = 

3 

pcu 

X 

» 

153  Ksi 

Gxy  * 

2 

pcu 

y 

s 

36.5  Ksi 

V 

yx 

0 

psu 

xy 

- 

55  KSI 

Vxy  “ 

0 

pbru  m jq  |^s  | (minimum) 


(1)  X is  0°  Direction,  Y is  90°  Direction 


.0  Msi 
.5  Msi 
. 7 Ms  i 
.015 
.210 

.8  Msi 
.2  Msi 
6 Ms  i 
.145 
635 
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TABLE  XXV  I I 

MECHANICAL  PROPERTIES  AT  ROOM  TEMPERATURE  - 
SPF/DB  TITANIUM 


(Sheet  in  Thicknesses  Below  0 . 1 80  Inch) 

Property 

Value 

Property 

Value 

F , ks  i 
tu 

125 

e,  percent 

10 

F„  , ks  i 
ty 

111 

E,  1 06  ps i 

16.0 

FCy  » ks i 

117 

Ec  10&  psi 

1 6 . A 

^5  U » * 

76 

G,  106  psi 

6.2  j 

Fbru,ksi  e/Dsl.5 

192 

0.33 

e/D=2 . 0 

2A6 

i 

j 

Fbry,ks i e/0= 1 .5 

e/D=2 .0 

158 

192 

W,  lb/in. 

o 

O'' 

o 

m 


A detailed  discussion  of  the 
of  brevity,  however,  a summary  of 
both  material  systems  is  given  in 


analysis  will  not  be  presented 
critical  or  minimum  margins  of 
tables  XXVI  I I and  XXIX. 


for  the  sake 
safety  of 


The  designs  for  both  material  systems  are  considered  to  be  structurally 
adequate  in  that  no  negative  margins  of  safety  were  determined  by  this 
ana  lysis. 


5-2.2  P roduci bi  I i ty 

All  three  material  systems  and  the  concepts  studied  using  them  have  been 
evaluated  for  produci bi 1 i ty  as  a part  of  the  Design  Studies  section. 

The  Metal  Matrix  Composite  system  was  evaluated  as  a very  high  produci- 
bility  risk  in  the  Design  Studies  Evaluation  conducted  in  Section  IV.  This 
was  due  mainly  to  the  problems  anticipated  in  fabrication  of  the  cross  ply 
orientations  and  the  thickness  of  the  metal  matrix  composite  required  for 
these  mu  1 1 i -axi a 1 1 y and  highly  loaded  parts. 

This  Design  Studies  Evaluation  rated  both  the  Organic  Advanced  Composite 
and  the  Advanced  Metallic  systems  as  having  only  a moderate  produci b i 1 i ty  risk, 
and  they  were  selected  for  preliminary  design  studies.  Landing  gear  com- 
ponents have  not  been  fabricated  on  a production  basis  using  either  of  these 
material  systems  and  there  is  always  moderate  produc i b i 1 i ty  risk  in  bringing 
a new  system  to  production  status. 

The  landing  gear  parts  fabricated  from  the  Organic  Advanced  Composite 
material  Gr/Ep,  use  the  filament  winding  technique  on  the  shock  strut 
cylinder,  the  trunnion  support,  the  orifice  support  tube,  the  piston/fork, 
the  piston  inner  shell,  and  the  upper  and  lower  torque  links.  The  wheel 
disks  are  made  by  laying  up  segments  of  laminations  on  a metal  mold. 

Both  of  these  fabrication  methods  have  been  used  to  make  parts  simi  tar 
to  the  parts  in  figure  30.  The  tooling  and  fabrication  procedures  have  bee. 
described  in  the  Design  Studies  section,  and  do  not  pose  any  high  risk  pro- 
ducibility  problems. 

The  advanced  Metallic  system  uses  superplastic  forming  and  concurrent 
diffusion  bonding  (SPF/DB)  of  titanium  as  the  fabrication  method  for  the 
strut  cylinder,  the  fork  and  the  wheel,  see  figure  34.  This  process  has 
been  used  at  Rockwell  to  fabricate  parts  in  many  similar  configurations, 
including  truss  core  panels.  The  parts  listed  and  the  tooling  and  fabri- 
cation methods  described  in  the  Design  Studies  are  not  considered  high  pro- 
duc i b i I i ty  risks. 
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SUMMARY  OF  MINIMUM  MARGINS  OF  SAFETY  - SPF/DB  TITANIUM  GEAR 
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LOADING  CODE:  B = Bending  Stress,  A = Axial  Stress,  S = Shear  Stress,  HT  = Hoop  Stress, 

BR  = Bearing  Stress,  SO  = Shear-out  Stress,  TR  = Torsional  Stress,  M = Meridional  Stress 


5-2.3  Installation  Evaluation 


Installation  of  either  the  Organic  Advanced  Composite  or  the  Advanced 
Metallic  landing  gear  would  require  a wider  wheel  well.  Since  the  wheel  well 
is  located  in  the  splitter  between  the  engine  air  intake  ducts,  the  ducts  and 
the  nacelle  have  been  revised  to  maintain  adequate  duct  area. 

The  Advanced  Metallic  landing  gear  requires  only  a one-inch  wider  wheel 
well  and  therefore,  only  a minimal  change  in  the  ducts  and  nacelle.  This 
increased  size  results  in  8.8  pounds  added  to  the  duct  and  9.7  pounds  added 
to  the  nacel le. 


The  Organic  Advanced  Composite  landing  gear  is 
line  and  required  that  three-inches  be  added  to  the 
This  required  a size  and  shape  revision  of  both  the 
as  described  in  Section  IV.  A weight  increase  over 
on  the  duct  and  34.4  pounds  on  the  nacelle  resulted 
figure  7- 


much  larger  than  the  base- 
width  of  the  duct  splitter, 
ducts  and  the  nacelle, 
the  baseline  of  34  pounds 
from  changes . See 


5-2.4  Weight 

Baseline  landing  gear  weights  were  calculated  from  figure  6.  These 
were  presented  in  Section  III  Baseline,  and  are  used  in  this  section  for  com- 
parison purposes.  The  weight  of  the  components  of  both  the  Organic  Advanced 
Composite  and  the  Advanced  Metallic  landing  gear  designs,  figures  3;  and  3A , 
have  been  calculated  and  are  presented  in  table  XXX.  The  advanced  Metal  lies 
concept  is  lightest  at  a total  weight  of  1 10A  pounds  and  the  Organic  Advanced 
Composite  concept  heaviest  at  a total  weight  of  1208  pounds.  The  baseline 
concept  weighed  1164  pounds. 


5-2.5  Development  Cost 

The  development  costs  of  the  Organic  Advanced  Composite  design  and  the 
Advanced  Metallic  design  have  been  estimated.  These  costs  were  developed 
similar  to  those  for  the  baseline  development  costs  which  were  described  in 
Section  III.  Table  XXXI  shows  these  development  costs  and  comoares  them  to 
the  baseline  development  costs.  Two  vendors  provided  development  costs  for 
the  composite  parts  in  the  Organic  Advanced  Composite  design  and  since 
they  were  different  by  a significant  amount,  they  were  presented  separately 
as  Vendor  A and  Vendor  B. 


The  baseline  design  has  the  lowest  development  costs  since  it  uses 
state-of-the-art  materials.  The  Vendor  B composite  cost  is  next  at  5598, 040 
over  baseline,  while  Vendor  A is  the  highest  cost  at  $988,040  over  baseline, 
and  Advanced  Metal  lies  is  5680,860  over  baseline  development  cost. 
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TABLE  XXX 


WEIGHT  COMPARISON 

MATERIAL  SYSTEMS  BY  LANDING  GEAR  COMPONENT 
(ATS  MAIN  LANDING  GEAR)  (POUNDS  PER  SIDE) 


Nomenclature 


Organic 

Advanced  Advanced 

: Base  line  Composites  I Meta  I lies 
| (Steel)  (Gr/Ep)  j (SPF/DB  Ti .) 

(lbs)  (lbs)  j ( 


re 
ee  1 
rake 
<le 

j Piston/Fork  (Movable 
j Strut  Cy I i nder 
Torque  Link  - Upper 
Torque  Link  - Lower 
j Actuators 
I Locks 

I 

j Anti-Skid  Detector 
| Oi  I 

! Misc.  Pins  & Fasteners 
TOTAL  lb/Side 

TOTAL  MAIN  GEAR  lb/  Air  Vehicle 


72.0  72.0  72.0 

66.0  109-0  67.8 

94.5  9**-  5 94.5 

9.1  22.3  10.5 

143.  4 98.6  113.0 

139-3  125-5  120.9 

2.5  9-3  2.3 

2.7  4.5  2.2 


7.4 

7.4 

7.4 

19.6 

19.6 

19.6 

1.7 

1.7 

1.7 

5.0 

15.8 

11.7 

18.8 

23.8 

28.4 

582.0 

604.0 

552.0 

1 164 

1208 

1 104 

TABLE  XXXI 


DEVELOPMENT  COST  COMPARISON 
RDT&E  COST 

(In  Thousands  1 9 77  Dollars) 


Advanced 

Vendo  r 

Vendor 

Metallic 

A 

B 

Compos  i te 

Compos i te 

SPF/DB 

( G raph  i te 

(Graph i te 

Base  1 i ne 

(T i tan i um) 

Epoxy ) 

Epoxy ) 

Eng i neer i ng 

Des i gn 

S 393- 04 

S 373-39 

s 491.30 

$ 491.30 

Test  S Evaluation 

275-13 

261.37 

343.91 

343.91 

Fatigue  Drop  Tests 

107-00 

235-00 

250.00 

250.00 

Static  Tests 

82.00 

176.00 

190.00 

133.00 

Eng . Test  Article 

82.00 

176.00 

190.00 

133.00 

Test  & Logistics  Support 

38.20 

36.22 

47  • 66 

47.66 

S 977-37 

$1,257-98 

$1,512.87 

si ,398.87 

Pre-Production  (2  rhipsets) 

Fabri cation 

$ 378.00 

$ 822.00 

$ 880.00 

604.00 

Tool i ng 

Labor  & Material 

S 15 0.00 

$ 106.25 

$ 100.54 

$ 100.54 

$1,505-37 

$2,186.23 

$2,493-41 

$2,  103- 41 
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5-2.6  Production  Cost 

The  preliminary  designs  of  the  Organic  Advanced  Composite  design  and  the 
Advanced  Metallics  design  completed  in  Section  IV  Design  Studies  have  been 
subjected  to  a detailed  cost  analysis.  Hardware  cost  data  for  these  designs 
were  mainly  "grass  roots"  or  parametric  estimates  by  manufacturing  experts. 

Cost  estimates  for  the  composite  parts  were  obtained  from  two  composite 
manufactunrs  and  was  used  to  supplement  the  costs  developed  from  grass  roots 
estimates.  This  resulted  in  two  different  cost  estimates  which  are  presented 
as  Vendor  A cost  and  Vendor  B cost. 

Costs  of  the  Advanced  Metallic  design  using  SPF/'DB  titanium  have  also 
been  based  on  "grass  roots"  estimates  with  the  material  costs*based  on  the 
latest  vendor  quotes  or  catalog  prices. 

The  tooling  and  fabrication  concepts  for  both  of  these  designs  is 
described  in  Section  IV  Design  Concepts.  An  80^  learning  curve  was  used 
for  both  the  composite  and  the  advanced  metallic  designs.  Assuming  one 
release  of  500  units  for  each  of  these  designs,  the  true  midpoint  for  either 
fabrication  effort  is  unit  153-76.  Adding  the  material  cost  and  the  prorated 
recurring  costs  of  the  tooling  to  the  fabrication  costs  produces  cost 
reduction  curves  of  85'*  for  the  composite  design  and  84*  for  the  advanced 
metallic  design,  see  figure  38. 

I terns  not  using  composite  materials  or  SPF/DB  titanium  were  evaluated  on 
current  costs  or  estimates  based  on  corporate  standards  and  projected  for 
production  quantities.  Thirty-five  percent  (by  weight)  of  the  parts  used  in 
either  of  these  designs  are  identical  to  the  baseline  parts  and  another  five 
percent  are  similar  except  they  may  be  slightly  lighter  or  heavier. 

Costs  developed  for  landing  gear  components  which  have  been  studied  using 
different  materials  are  shown  in  table  XXXII.  The  strut  cylinder,  made  from 
either  Advanced  Metallics,  SPF/DB  titanium  or  Organic  Advanced  Composites,  by 
Vendor  B,  is  the  only  part  that  offers  a cost  savings  over  the  baseline 
(S3  590  for  Vendor  B composite  part  and  S 1 200  for  the  advanced  metallic  part). 

Complete  landing  gear  production  costs  are  shown  in  table  XXXIII  where 
they  are  listed  for  comparison  with  the  costs  for  the  baseline  design.  The 
Vendor  B average  production  shipset  cost  is  lowest  with  the  baseline  cost 
next  at  S9353  more  and  the  advanced  metallic  concept  $20,738  more  and  the 
Vendor  A organic  advanced  composite  $31,328  more  than  Vendor  B costs. 
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QUANTITY  Figure  38.  Landing  Gear  Study-Production  Cost  Per  Shipset  (Unit  Cost) 


TABLE  XXX  I I 


LANDING  GEAR  UNIT  COSTS  COMPARISON  BY  COMPONENT 
(Thousands  of  1977  Dollars/Side) 


Componen  t 

Basel i ne 

Vendor 

A 

COST 

Vendor 

B 

COST 

Advanced 

Meta  1 1 i cs 

Organ  i c 
Advanced 
Compos i tes 

0 rgan  i c 
Advanced 
Compos i tes 

St  rut  Cy 1 i nder 

14.3 

15-30 

13-1 

P i ston/Fork 

11.1 

22.00 

16.4 

Torque  Link-Upper 

. 4 

• 59 

.4 

Torque  Link-Lower 

.4 

.42 

.4 

Wheel  Assembly 

1 .4 

6.40 

3 ■ 5 

Tota  1 

27.6 

44.71 

36.50 

33-8 

it'' 
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TABLE  XXX  I 1 1 

PRODUCTION  COST  COMPARISON 

(1977  Dol lars) 

500  Shipsets 


Basel i ne 

Vendor 

A 

0 rgan  i c 
Advanced 
Compos i tes 

Vendor 

B 

0 rgan  i c 
Advanced 
Compos i tes 

Advanced 
Meta  1 1 i cs 

Nonrecurring  Costs 

Tool i ng  Hours 

(13.418) 

(13,500) 

(13,500) 

(14,276) 

Tool i ng  Dollars 

s 544,4oo 

S 370,845 

S 370,845 

s 392,162 

Tooling  Material 

s 45.978 

S 31,320 

s 31,320 

S 33,120 

Total 

$ 590.378 

S 402,165 

S 402,165 

S 425,282 

Recurring  Costs 

! Fab r i cat i on  Hours 

(755.729) 

(503,679) 

(503,679) 

0 ,019, 156) 

Fabrication  Dollars 

S22.626.526 

S 1 5 ,085,200 

S15.085.200 

S30.513.535 

Production  Material 

S 1 3 . 8 1 6 , 634 

■S3  3, 122,800 

-s  1 7,057  100 

si  1 ,952.950 

Tool i ng  Hours 

(19,699) 

03,419) 

(13.419) 

(14,190) 

Tooling  Do  1 1 a rs 

S 514. 134 

S 368,620 

S 368,620 

S 389,799 

Tool i ng  Materi al 

S 45,702 

s 3U32 

s 31,132 

S 34.234 

T i res ; b rakes  ; 

antiskid  detector 

S 3,519,000 

s 3.519,000 

s 3,519,000 

s 3,519,000 

TOTAL  RECURRING 

COST 

1 

S40. 548,996 

S 52 , 126,752 

S 36 , 06 1 ,052 

S46.409.518  | 

CUMULATIVE  SHIPSET 
COST  - AVE.  AT  500 

■HR 

SHIPSETS 

S 82,279 

s 72,926 

S 93,664 

Purchased  Comoos i te  Parcs  included  as  Production  Material 


COSTS  SHOWN  PROVIOE  A RELATIVE  COMPARISON  OF 
CONCEPTS  FOR  DESIGN  EVALUATION.  THESE  COSTS 
DO  NOT  INCLUDE  ALL  ELEMENTS  REOUIRED  FOR 
PRICING.  ESTIMATES  FOR  FACILITIES,  EQUIPMENT, 
RESEARCH.  DEVELOPMENT.  TEST.  AND  ENGINEERING 
ARE  NOT  INCLUDED. 


5-2.7  Reliability 


The  reliability  of  the  baseline  landing  gear  hardware  was  presented  in 
Section  III  and  a reliability  analysis  has  been  completed  for  the  Advanced 
Organic  Composite  and  the  Advanced  Metallic  designs.  The  reliability  factors 
that  were  determined  for  each  design,  for  use  in  computing  life  cycle  costs, 
were  the  corrective  "Maintenance  Demand  Rate"  (MDR ) and  the  condemnation 
rates  which  are  presented  in  table  XXXIV. 

For  those  components  that  were  the  same  or  made  from  similar  metal,  the 
same  reliability  rates  that  were  developed  for  the  baseline  in  Section  III 
were  used  for  the  alternate  designs.  These  components  constituted  the 
majority  of  the  corrective  MDR ' s (971)  and  condemnation  rates  (98-52;  to  99.4;;). 
The  components  include  tire,  brake  stack  assembly,  brake  actuator  assembly, 
strut  actuator,  downlock  assembly,  uplock  assembly,  anti-skid  detector  and 
the  axle.  The  total  MDR  for  these  components  is  23,751  and  the  condemnation 
rate  is  2800.5  per  10^  flight  hours.  They  are  shown  in  table  XXXIV  as 
subtota 1 s . 

For  those  components  that  were  different  in  the  alternate  designs,  the 
baseline  MDR's  and  condemnation  rates  were  changed  to  reflect  the  reduction 
or  elimination  of  failures  due  to  corrosion.  Review  of  landing  gear  data 
from  Hill  Air  Force  Base  indicates  that  stress  corrosion  is  a major  factor 
in  landing  gear  repair  and  replacement.  AFM  66-1  data  were  reviewed  to 
determine  the  impact  of  corrosion  on  the  MDR  and  condemnat ion  rates  of  landing 
gear  components.  Corrosion  associated  modes  of  failure  averaged  11-  for 
landing  gear  component  MDR's  and  46%  to  79%  for  condmenation  rates  for  land- 
ing gear  components  and  wheel  as semb I i es , respec t i ve I y . 

Components  made  completely  of  a composite  were  estimated  to  be  corrosion 
free  and  the  rates  reduced  accordingly.  Components  made  of  both  metal  and 
composites  were  reviewed  on  an  individual  basis.  In  the  case  of  the  wheel 
assembly,  which  was  designed  with  some  aluminum  and  some  composite  elements, 
the  MDR  was  reduced  by  2.6%.  Where  there  is  movement  between  metallic  and 
composite  elements,  i.e.,  the  piston,  it  was  assumed  there  would  be  a 6% 
increase  in  the  MDR. 

Since  titanium  is  corrosion  resistant,  but  not  corrosion  free,  the 
MDR's  were  predicted  to  be  7%  less  than  the  baseline.  The  resultant  change 
in  the  rates  for  those  baseline  components  that  were  redesigned  to  use 
composite  and  titanium  materials  ranged  from  7%  for  the  MDR  to  60%  for  the 
condemnation  rate  (table  XXXIV).  This  resulted  in  a significant  change  in 
sparing  cost  and  a minor  change  in  personnel  costs. 
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TABLE  XXXIV 

MAIN  LANDING  GEAR  A l 1 ERNATE  CONCEPT 
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4 

4 


Components  include  Tire,  Brake  Stack  Assembly,  Brake  Actuator  Assembly,  Strut  Actuator,  Downlock 
Assembly,  Uplock  Assembly,  Anti-Skid  Detector  and  Axle. 


5.2.8  Maintenance 


The  Organic  Advanced  Composite  and  the  Advanced  Metal  lies  preliminary 
designs,  figures  30  and  3^ , completed  in  Section  iV  have  been  analyzed  to 
provide  maintenance  cost  comparisons  to  the  baseline  for  a 10  year  support 
time  span.  Since  the  configurations  of  both  of  these  designs  are  similar  to 
the  baseline  configuration,  the  identifiable  maintenance  tasks  and  the  maint- 
enance analysis  methodology  is  the  same  as  that  used  in  the  baseline  mainten- 
ance analysis  described  in  Section  III.  The  Baseline  MDR's  are  shown  in  table 
XV  and  a comparison  of  MDR  for  all  three  designs  is  presented  in  table  XXXIV. 
The  MDR  for  tires  shown  in  table  XV  is  based  on  actual  tire  failure  plus  wear, 
which  requires  that  tires  must  be  replaced  or  retreaded  every  100  flight  hours 
(FH).  See  Appendix  E for  details.  Off-Aircraft  task  time  is  20  minutes  on 
Baseline  and  25  minutes  on  Organic  Composite  or  Advance  Metallic  due  to  number 
of  parts  and  fasteners. 

Subsystem  scheduled  inspections  will  be  reduced  for  the  Advanced  Material 
systems  due  to  the  improved  corrosion  resistance  of  the  materials.  The 
inspections  MDR's  are:  Baseline  » 20,000;  Organic  Composite  = 5,000  and  the 
Advanced  Metallic  = 10,000  per  10&  flight  hours.  The  Maintenance  Actions 
for  Preflight  and  Postflight  servicing  and  lubrication  are  the  same  for  all 
three  des i gns  . 

The  support  costs  were  estimated  as  an  increase  or  decrease  from  the  base- 
line support  costs  presented  in  table  XX,  Section  III. 

The  change  (A)  in  support  cost  is  given  by  the  following  equation: 

A Supoort  Cost  = A Spares  Cost  + A 0SE  Cost  + A Personnel  Cost. 

The  change  in  these  costs  is  given  by  the  equations  below: 

A Initial  Spares  Cost  = Initial  Spares  Cost  (new  design)  - Initial 

Spares  Cost  (Baseline) 

A Recurring  Spares  Cost  = Recurring  Spares  Cost  (new  desi.gn)  - 

Recurring  Spares  Cost  (Baseline) 

A 0SE  Cost  was  zero  since  there  is  virtually  no  difference  in  the 

three  configurations.  Support  equipment  is,  for  the  most  part, 
a function  of  the  configuration  of  the  parts  and  the  position 
in  the  aircraft  and  not  the  material. 

A Personnel  Cost  = A Maintenance  Demand  Rate  (MDR) 

x Quantity  per  Aircraft 
x Total  Fleet  Flying  Hours 
x Cost/Productive  Manhours 
x Maintenance  Task  Time 
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The  increase  or  decrease  in  support  cost  for  the  Organic  Advanced  Com- 
posite or  the  Advanced  Metallic  designs  from  the  Baseline  design  is  given  for 
each  component  of  the  landing  gear  in  table  XXXV.  The  Advanced  Metallic 
system  support  costs  are  $382,400  lower  than  the  $9,827,600  Baseline  support 
costs.  The  differences  in  cost  of  Organic  Advanced  Composite  spares  between 
Vendor  A and  Vendor  B result  in  support  costs  which  are  $178,300  higher  than 
baseline  for  Vendor  A and  $213,100  lower  than  baseline  for  Vendor  B. 

5-2-9  Evaluation 


Results  from  the  foregoing  analysis  and  evaluations  have  been  studied 
and  are  compared  and  discussed  below. 

5-2. 9-1  Total  Landing  Gear  System  Comparisons.  All  three  material  systems 
can  be  designed  to  meet  the  structural  requirements  of  the  landing  gear  and 
there  is  only  a moderate  produc i b i I i ty  risk  in  using  either  the  Organic 
Advanced  Composite  design  or  the  Advanced  Metallic  design. 

Installation  of  the  Organic  Advanced  Composite  landing  gear  requires  the 
greatest  change  in  the  nacelle  which  added  68.4  pounds  to  the  baseline  air 
vehicle  weight.  The  nacelle  changes  for  the  Advanced  Metallic  design  added 
only  1 8 . 5 pounds  over  the  baseline  weight.  This  is  because  the  ATS  aircraft 
is  "volume  limited"  in  the  wheel  well  area.  The  nacelle  must  be  increased  in 
size  and  weight,  at  increased  cost  to  provide  room  for  a larger,  though 
lighter,  landing  gear. 

The  total  weights  given  in  table  XXX  shows  that  the  Advanced  Metallic 
design  is  lighter  than  the  baseline  and  the  Organic  Advanced  Composite  design 
is  heavier  than  the  baseline. 

Development  costs  are  higher  for  the  advanced  material  systems.  The 
Vendor  B,  Organic  Advanced  Composite  development  costs  are  lower  than  the 
Advanced  Metallic,  while  the  Vendor  A development  costs  are  higher. 

Production  unit  (shipset)  costs  are  lowest  for  Vendor  B,  Organic  Advanced 
Composite  system,  while  both  the  Vendor  A,  Organic  Advanced  Composite  and  the 
Advanced  Metallic  system  costs  are  higher  than  the  baseline. 

The  reliability  of  both  advanced  material  systems  is  better  than  the 
baseline.  As  measured  by  MDR , they  are  about  1%  better  than  the  baseline 
However,  as  measured  by  Condemnation  Rate,  the  Organic  Advanced  Composite 
system  is  40%  better  and  the  Advanced  Metallic  system  is  60%  better  than  the 
base  1 i ne  sys  tern. 

Maintenance  costs  are  lower  than  the  baseline  system  for  both  the 
Advanced  Metallic  system  and  the  Organic  Advc  ced  Composite  system  from  Vendor  B; 
however,  using  Vendor  A spares  costs,  the  maintenance  costs  would  be  higher. 
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1 A 111  l XXXV 


A summary  of  the  above  evaluations  is  presented  in  Table  VI.  An  examina- 
tion of  this  chart  does  not  reveal  which  material  system  is  best  since  the 
Advanced  Metallic  system  is  the  lightest  weight  and  has  the  lowest  maintenance 
costs,  but  the  Vendor  B,  Organic  Advanced  Composite  system,  has  the  lowest 
production  costs  and  the  Baseline  system  has  the  lowest  development  costs.  A 
life  cycle  cost  analysis  must  be  made  before  the  most  cost  effective  material 
system  can  be  determined  for  the  ATS  aircraft. 

5-2. 9.2  Selected  Best  Components  Comparisons.  An  evaluation  has  been  made 
using  selected  components  to  obtain  a more  general  picture  of  the  effects  of 
using  advanced  materials  for  landing  gears  when  the  aircraft  is  not  "volume 
limited,"  that  is,  the  larger  stowage  requirements  for  advanced  materials 
would  not  increase  the  size  of  the  aircraft. 

An  examination  of  the  weights  of  individual  components  in  table  XXX 
presents  a different  picture  of  the  merits  of  the  material  systems  than  is 
shown  by  the  weight  totals.  The  Gr/Ep  wheel  with  the  aluminum  rim  used  in 
the  Organic  Advanced  Composite  design  is  very  heavy  and  has  a large  effect 
on  the  weight  of  the  whole  system,  while  other  parts  yield  weight  savings. 

Other  than  the  wheel,  the  strut  cylinder,  the  piston/fork,  and  the  two 
torque  links  are  the  main  parts  studied  in  the  advanced  material  systems. 

An  examination  of  these  items,  plus  the  hydraulic  oil  necessary  for  different 
sized  cylinders,  reveals  that  these  Organic  Advanced  Composite  parts  save 
39-2  pounds  and  Advanced  Metallic  parts  save  ^2.8  pounds  when  compared  with 
the  baseline  weight,  see  table  XXXVI. 

TABLE  XXXVI 

COMPONENT  PART  WEIGHT  COMPARISON 
(Weight  in  Pounds/Side) 


Part  Nomenclature 

Weight 

Base  1 i ne 

L We  i 

qht 

Organ  i c 
Advanced 
Compos i tes 

Advanced 

Meta  1 1 ics 

Strut  Cy 1 i nder 

139-3 

|{ 

13-8 

mam 

Hydrua lie  Oil 

5-0 

1 

10.8 

Pi  ston/Fork 

143- 

* 

4A.8 

HI 

Torque  Link  Upper 

2.5 

+ 

6.8 

- 0.2 

Torque  Link  Lower 

2.7 

+ 

1.8 

- 0.5 

TOTALS 

292.9 

- 

39-2 

- A2. 8 
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The  fabrication  costs  of  the  component  parts  using  advanced  materials 
are  shown  in  table  XXXI 1.  These  costs  are,  in  general,  higher  for  advanced 
materials,  but  since  most  of  the  parts  selected  above  are  lighter,  their 
"effective  cost"  will  change  when  the  "cost  of  weight"  is  used  to  reduce  the 
cost  of  the  parts.  The  "cost  of  weight"  is  the  savings  which  can  be  realized 
by  the  lower  weight  part  when  the  size  of  the  air  vehicle, fuel  requirements 
and  the  cost  factors  can  be  reduced  due  to  the  lower  weight  of  a component 
part.  This  is  the  "cascading"  effect  of  weight  reduction  in  the  preliminary 
design  stage  of  an  aircraft  development  program.  In  the  ATS  aircraft  study 
this  cost  was  calculated  to  be  $1*31  per  pound.  The  new  costs  can  be  found 
by  calculating  changed  (A)  costs  with  respect  to  the  baseline  costs,  using 
this  formula: 

Total  A Cost  = A Unit  Production  Cost  + a Cost  due  to  Weight 

Where  A Unit  Cost  is  the  change  in  production  cost, 

A Cost  due  to  Weight  = A Weight  x SA31/pound  and 
S 43 1 per  pound  is  the  "Cost  of  Weight"  for  the  ATS. 

Using  the  weight  savings  on  parts  from  table  XXXVI,  for  cost  savings  see 
table  XXXVII-  This  table  shows  that  while  the  production  unit  costs  may  be 
higher  for  advanced  materials,  the  lower  weight  of  these  components  reduce 
the  cost  so  that  the  Organic  Advanced  Composite  parts  from  Vendor  A cost 
S4,800  less,  from  Vendor  B,  511,550  less  and  the  Advanced  Metallic  parts  cost 
SI  4 , 300  less  than  the  Baseline  cost  of  this  group  of  parts. 
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TABLE  XXXVI  I 

COMPONENT  PART  UNIT  COST  COMPARISON 
WITH  WEIGHT  AND  GROWTH  COST  EFFECTS 


292.9  -39-2  -^42.8  26.2  4 12. 1 +5o6  4 . I -16.9  - 18.  M - <t.  8 -11.55 


SECTION  VI 


LIFE  CYCLE  COSTS 


6. 1 PHASE  I - LIFE  CYCLE  COSTS 


The  life  cycle  costs  presented  in  Phase  I were  those  for  the  B- I 
nose  gear  which  was  the  baseline  for  that  phase.  The  Life  Cycle  Cost  for  the 
B-l  nose  gear  is  S24,  702, 638,  based  on  240  aircraft  and  a 10  year  time  span. 
This  is  detailed  in  the  Phase  I Report  in  Appendix  A.  Since  the  baseline  has 
been  changed  for  Phase  II,  the  above  data  is  presented  for  information  only. 

6.2  PHASE  II  - LIFE  CYCLE  COSTS 


This  section  of  the  program  presents  the  results  of  the  Phase  II  Design 
Studies  and  the  Analysis  and  Evaluation  sections  in  terms  of  Life  Cycle  Cost, 
which  is  the  total  cost  over  the  life  of  the  air  vehicle.  Included  are  all 
costs  associated  with  designing,  procuring  and  operating  the  landing  gear  for 
a 10  year  period.  These  costs  are  divided  into  five  major  categories:  Develop- 
ment, Production,  Support,  fuel  Costs  and  Accident  Costs. 

The  life  cycle  cost  study  for  the  baseline,  covered  in  Section  III, 
described  the  methodology  used  to  estimate  the  development,  production  and 
support  costs.  In  addition  to  these  direct  costs,  the  change  in  cost  due  to 
weight  changes  has  also  been  calculated.  The  basis  for  this  cost  is  that  a 
revision  to  the  size  and  cost  of  the  aircraft  and  to  the  operating  cost  is 
necessary  if  the  weight  of  the  landing  gear  or  nacelle  is  changed.  This  cost 
has  been  added  to  table  XXXVIII  as  line  items  and  i s a 1 to  the  cost  of  the 
organic  advanced  composite  or  the  advanced  metallic  design  for  the  development, 
production  and  support  costs. 

Life  Cycle  Costs  for  all  five  categories  are  shown  in  table  XXXVIII.  The 
Development  cost  for  the  Advanced  Metallic  design  will  be  $670,500  less, 
the  Organic  Advanced  Composite  design  from  Vendor  A will  be  $4,648,100  more, 
and  from  Vendor  B $4,258,100  more  than  the  baseline- 

Production  costs  are  $3,258,400  less  for  the  Advanced  Metallic  design, 
for  the  Organic  Advanced  Composites  design  from  Vendor  A,  $35,640,400  more 
and  from  Vendor  B $19,574,600  rr.ore  than  the  baseline. 

The  Support  Costs  include  SDares  and  personnel  costs,  but  since  the 
operational  support  equipment  {'"'SE)  :s  th»»  same  for  each  design,  it  was  not 
calculated.  The  Advanced  Metallic  design  Support  Costs  are  $5,909,200  lower, 
and  the  Organic  Advanced  Composites  design  from  Vendor  A are  $15,147,300 
higher  and  from  Vendor  B $14,755,900  higher  than  the  baseline. 
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TABLE  XXXVI  I I 

LIFE  CYCLE  COSTS  BY  CATEGORY 
(In  Thousands  of  Dollars) 


13*» 


Fuel  costs  were  not  calculated  for  the  baseline  aircraft  in  Section  111 
since,  for  the  purposes  of  this  comparison  study,  only  fuel  cost  differences 
between  the  designs  are  important.  In  this  section  the  net  difference  in  fuel 
consumption  due  to  weight  differences  between  the  designs  is  calculated  and 
presented  as  a fuel  cost.  These  costs,  shown  in  table  XXXVIII  are  a j to  both 
the  Advanced  Metallic  design,  S917.200  less,  and  to  the  Organic  Advanced 
Composite  design,  Vendor  A and  Vendor  B,  $2,484,000  more. 

Accident  costs  are  a result  of  the  safety  hazzard  caused  by  corrosion 
related  failures  as  presented  in  Section  III  for  the  Baseline.  The  assumption 
has  been  made  that  titanium  is  67A  corrosion  resistant  compared  to  steel  and 
that  composites  are  totally  corrosion  free.  These  accident  costs  are  presented 
in  table  XXXVIII  and  are  a c to  both  Vendor  A and  Vendor  B composite, 

S 1 8 , 105.000  less  and  to  Advanced  Metallic  $12,885,600  less  than  baseline. 

The  total  Life  Cycle  Cost  (LCC)  of  the  Advanced  Metallic  design  is 
S22,885.600  iess  and  the  Organic  Advanced  Composite  from  Vendor  A $39,814,800 
more  and  from  Vendor  B S22.967.600  more  than  the  baseline  total  LCC  of 
$70,577,400. 

This  analysis  shows  that  the  Advanced  Metallic  SPF/DB  titanium  is  the 
most  cost  effective  material  system  for  the  ATS  airplane.  It  also  shows  that 
the  evaluation  made  in  Section  V and  summarized  in  table  VI  cannot  fully 
evaluate  the  studies  since  it  does  not  account  for  the  major  effect  of  both 
the  weight  of  the  landing  gear  and  the  weight  of  the  added  nacelle  structure. 
Table  XXXIX  presents  the  same  LCC  data  in  a format  which  shows  the  magnitude 
of  the  weight  and  growth  factors.  It  shows  that  these  factors  reversed  the 
total  LCC  for  both  Vendor  A and  Vendor  B,  Organic  Advanced  Composite  design. 

While  both  advanced  material  systems  show  LCC  savings  over  the  baseline, 
when  weight  and  growth  effects  are  not  considered,  the  larger  and  heavier 
Organic  Advanced  Composite  shows  a reversal  from  LCC  savings  of  $5,550,000 
and  $22,400,000  to  a S39, 800,000  and  $23,000,000  LCC  increase  for  Vendor  A 
and  Vendor  B respectively.  The  LCC  savings,  over  the  baseline  system,  for  the 
Advanced  Metallic  (Titanium)  system  increased  from  $6,100,000  to  $22,900,000 
when  weight  and  growth  effects  are  considered. 


The  Life  Cycle  Cost  are: 

Base  1 i ne 

Organic  Advanced  Composite 
Vendor  A 
Vendor  B 

Advanced  Metallic  - Titanium 


= $ 70,577,400 

- $110,392,200 
- $ 93,545,000 
= $ 47,691 ,800 
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TABLE  XXXIX 

TOTAL  LIFE  CYCLE  COSTS 
(in  Thousands  of  Dollars) 
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TKe  Life  Cycle  Cost  analysis  presented  is  specifically  for  the  ATS  air- 
plane which  is  "volume  limited,"  and  would  not  be  the  same  for  an  aircraft 
which  is  not  volume  limited  since  the  weight  and  growth  factors  would  be 
d i f ferent . 
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SECTION  VI  I 


CONCLUSIONS  AND  RECOMMENDATIONS 

7.1  PHASE  I - CONCLUSIONS 


The  conclusions  reached  after  the  Phase  I section  are  listed  in  the  Phase 
I Report  which  is  presented  in  Appendix  A of  this  report.  The  most  important 
conclusion  drawn  was  that  the  usage  of  composite  material  for  landing  gear 
components  can  be  increased  as  design  freedom  is  increased. 

7.2  PHASE  I I - CONCLUSIONS 


The  design  studies,  analysis  and  evaluations  made  in  Phase  II  of  this 
program  resulted  in  the  following  conclusions: 

1.  Where  installation  requirements  will  allow,  the  most  compact  and 
simple  landing  gear  will  be  most  efficient,  regardless  of  material 
used  for  fabrication. 

2.  A "leaf  spring"  configuration  landing  gear  is  not  a viable  concept 
at  this  time. 

3.  Metal  Matrix  Composites  for  fabrication  of  complex,  thick,  highly 
loaded  landing  gear  components  is  not  a state-of-the  art  technology. 

b.  Reliability  of  landing  gear  components  is  high,  but  there  are 
differences  due  to  the  corrosion  resistance  of  the  materials. 

5-  Development  and  production  costs  are  the  most  important  costs  since 
they  also  determine  the  cost  of  spares  which  makeup  approximately 
two-thirds  of  the  support  costs. 

6.  A major  increase  in  the  size  of  an  air  vehicle  to  accommodate  a 
larger  though  lighter  landing  gear  may  negate  the  savings  accrued 
in  the  landing  gear  itself. 

7.  A landing  gear  for  the  ATS  airplane  made  from  Advanced  Metallic 
SPF/DB  titanium  will  have  lower  Life  Cycle  Costs  than  the  baseline 
steel  or  the  Organic  Advanced  Composite  Gr/Ep  landing  gear. 

8.  Landing  gear  designs  using  Organic  Advanced  Composite  material  are 
practical  and  would  be  cost  effective  in  an  installation  where  the 
aircraft  is  not  volume  limited  in  the  landing  gear  wheel  well  area. 


5-  A Life  Cycle  Cost  analysis  trade  study  must  be  performed  to  obtain 
a true  assessment  of  the  cost  impact  of  major  changes  in  the 
material  or  conf igurat ion  of  the  landing  gear. 

7-3  RECOMMENDATIONS 

Full  sized  landing  gear  hardware,  using  either  the  Organic  Advanced 
Composite  (Gr/EPJ  material,  or  Advanced  Metallic  iSPF/DB  titanium)  material, 
should  ce  developed  and  used  on  the  next  new  Air  Force  airplane  when  trade 
studies  and  a Life  Cycle  Cost  Analysis  shows  that  either  material  is  cost 
effective  for  the  specific  i ns ta 1 I at  ion . 

A landing  gear  development  program  using  titanium,  fabricated  by  super- 
plastic  forming  and  diffusion  bonding,  should  be  started  so  that  additional 
design,  analysis,  test  and  cost  data  can  be  provided  for  Life  Cycle  Cost 
trade  studies  to  assess  the  cost  effectiveness  of  new  or  replacement  landing 
gears . 
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